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Abstract 
In this study, the evolution of microstructure and texture was investigated during 
asymmetric rolling by varying the thickness reduction per pass and the ratio of the roll 
diameters. Systematic experimental studies are lacking in asymmetric rolling for the 
development of an ideal shear texture at the mid thickness of a sheet. Extra-low carbon 
steel (exlc steel) was mainly used for the all rolling schedules while interstitial free steel 
(IF steel) and 0.2C steel were used in some cases due to their difference in initial grain 
sizes and fraction of pearlite colonies. 
Single pass rolling was carried out for ~20% to ~75% thickness reductions on the 
exlc steel with roll diameters ratios of 1:1, 1:1.3, 1:1.6 and 1:2. The majority of the work 
focused on symmetric rolling (1:1) and asymmetric rolling with a roll diameter ratio 1:2. 
Roll diameters ratio of 1:1.3 and 1:1.6 were only considered at higher thickness 
reductions such as 65% and 75% to compare with the resultant texture from the roll 
diameter ratio 1:2. 
It was observed in the asymmetric rolling with a roll diameter ratio 1:2 that only a 
small decrease in some rolling texture components takes place up to 30% thickness 
reduction per pass at the mid thickness of the sheet. A transitional state of rolling texture 
towards the shear type texture was observed in the orientation distribution functions 
(ODFs) at ~50% thickness reduction per pass, where the volume fraction of shear texture 
components also becomes noticeable. At further increase in thickness reduction per pass  
around ~65% or above with a roll diameter ratio of 1:2, not only it gave close to the ideal 
shear type texture in ODFs at the mid thickness but also improved its uniformity through 
the thickness of sheet. Meanwhile, symmetric rolling (1:1) shows a continuous increase 
in ideal rolling texture components with increase in thickness reduction per pass at the 
mid thickness of the sheet. 
For asymmetric rolling with a roll diameter ratio of 1:2 and 50% thickness 
reduction per pass or above, the volume fraction of ideal rolling texture components 
showed that the highly stable rotated cube {001}<110> component significantly reduced. 
Meanwhile the highly unstable Goss {110}<001> texture component shows a major 
change in its strengthening. Microstructural observation from the electron back scattered 
diffraction (EBSD) also confirms the effect of such transition towards the shear texture 
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by increased orientation splitting, grain fragmentations and shear bands formations as 
compared to the symmetric rolling. 
Single pass of 30% and 50% thickness reductions were selected for further multi-
pass symmetric (1:1) and asymmetric (1:2) rolling at both a medium strain range (~75%) 
and high strain regime (~89%) for the exlc steel. In addition to exlc steel, IF steel and 
0.2C steel were also selected for both types of multi-pass rolling in high strain regime. It 
was noticed that the rotation of rolling texture does not increase significantly with 
repeated number of passes. In terms of materials, resultant texture shows similar trends 
for all three steels, despite their different initial grain sizes and the fraction of pearlite 
colonies.  
Texture evolution was also studied as a function of strain path change in multi-
pass asymmetric rolling (1:2) with 30% and 50% thickness reduction per pass. It was 
found that strengthening or weakening of shear type texture and rolling texture not only 
depends on the selection of rotation about the sheet axes but also on the thickness 
reduction per pass. It was also found that the resultant texture for 180˚ rotation about the 
rolling direction (RD), shows neither strengthening in the rolling texture nor in shear 
texture and becomes increasingly weak as the thickness reduction per pass increased. 
Quantitative analysis of microstructure was performed in the multi-pass rolled 
symmetric (1:1) and asymmetric (1:2) rolling of the exlc steel in terms of the distribution 
of misorientation distribution, grain boundary and grain size. Results from the 
quantitative analysis clearly emphasize their dependence on the applied thickness 
reduction per pass in the case of asymmetric rolling but not in the symmetric case. 
However, these results also reveal that the selection of the final thickness reduction of the 
sheet, affects the final results of the microstructure development in both symmetric and 
asymmetric rolling.  
Single pass symmetric (1:1) and asymmetric rolling (1:2) with ~75% thickness 
reduction at room temperature were also extended into the warm rolling temperature 
range (250°C, 450° and 600°C) on the exlc steel, IF steel and 0.2C steel. It was noted 
from the microstructural and texture observation that the impact of an increase in 
temperature on exlc steel and 0.2C steel is far greater than the IF steel in both types of 
rolling. In terms of symmetric rolling texture, IF steel shows much less dependence on 
the selected temperatures than the other two grades of steels. In the case of asymmetric 
 III 
 
rolling, the ideal shear texture components in the IF steel increase up to 600˚C. However 
the other two grades of steel show strengthening in shear texture up to 400˚C and a 
significant decrease in some of shear texture components at 600˚C. The pattern of 
decreased texture components suggests the occurrence of dynamic recrystallization in 
asymmetric rolling. 
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Chapter 1  
Introduction 
1.1 Preface 
Steel is one of the most used, reliable and still competitive material when it comes 
to the structural applications. About 42% of steel production is in the form of the flat 
sheet as per world steel consumption estimation in 2014 [1]. The growing demand of 
sheet products is leading to alternative options in rolling to increase productivity and 
improve properties. 
 In particular, from last two decades rolling in the warm temperature range has 
been a focus to either reduce the hot rolling temperature or increase in temperature of 
cold rolling to impart high thickness reductions. Thus, reducing steps in the rolling 
process and leading to increment in the productivity. Another approach, in recent years, 
has been to vary the rolling speed of an individual roll during the rolling. One of the 
reasons to produce sheet in this way is due to its edge on the conventional (symmetric) 
rolling to yield more thickness reduction. Meanwhile, in terms of the rolling parameters, 
it has been widely reported that, the pressure and force on rolls reduces as the ratio of 
rolling speed of a roll increases. Another interesting part of rolling in this way is due to 
its ability to tailor the microstructure and the texture of the sheet. By considering these 
merits of processing, just by varying the ratio of rolling speed of an individual roll, it is 
considered to be a potential approach to increase the sheet production. 
 Variation in speed between rolls can be made by keeping one roll idle, 
connecting each roll with separate motors or changing ratios of the roll diameter. In order 
to signify their impact on symmetric rolling, various terms  are used in literature for them 
such as asymmetric rolling (ASR), asymmetric rolling with one roll idle, differential 
speed rolling (DSR) or high ratio differential speed rolling (HRDSR) [2-9].  
However, the extent by which the modification/evolution of microstructure and 
texture take place depends on the deformation mechanisms that are operative during the 
process. In symmetric rolling, the mid thickness of a sheet remains in the plane strain 
compression. But, when the ratio of rotational speed of individual roll changes in rolling 
then an additional shear stress acts with the compressive stress. Based on the rotation of 
sheet during rolling with respect to its previous pass, this additional shear can be additive 
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or subtractive to the resultant effect of shearing. Such a directional sense of imposed 
shear stress adds further complexity in the asymmetric rolling when performed in multi-
passes. This nature of an additional shear can create instability in the ideal orientations of 
the symmetric rolling texture. 
By thorough examination of the literature on asymmetric rolling, it has been 
observed that most of studies were concerned with the some aspects of asymmetric 
rolling where either small or large asymmetry was imposed on the symmetric rolling with 
no lubrication. Hardly any systematic experimental study has been carried out even with 
no lubrication condition to define the nature of asymmetric rolling and its versatility. This 
means, how the deformation texture and corresponding microstructure evolves and their 
dependence on the applied asymmetry. 
Experimental studies have not been performed to materialize predictions made 
about the shear strain values by which a transition of rolling texture take place into close 
to the ideal shear texture [10, 11]. In fact, some hypothetical deformation paths were also 
proposed in the literature to yield close to the ideal shear texture by applying even small 
thickness reduction per pass in multi-pass rolling, has to be scheduled experimentally 
[11]. 
It has also been shown that a strain path change in asymmetric rolling can alter the 
strength of shear type texture which evolves as a result of the applied asymmetry [11-13]. 
Experiments are still lacking about the nature of resultant texture when non-optimised or 
optimised conditions of shear type texture are imposed in the strain path change of the 
asymmetric rolling. Apart from the resultant texture in strain path change, corresponding 
microstructure observation and their quantitative analysis has also not been studied. 
From the literature, it is noted that mostly asymmetric rolling studies have been 
carried out on Hexagonal Closed Packed structure (HCP) and Face Centred Close 
packed (FCC) structure rather than a Body Centred Close packed structure (BCC). 
Most convincing reason from the literature is the unconventional texture formation that 
improves the formability and mechanical properties in these structures of FCC and 
HCP [5-8, 14-23].  
1.2 Scope of current work and thesis outline 
It has been noted from the previous section that there are gaps in the literature on 
the texture formation in the asymmetric rolling. Hardly any studies have shown a close to 
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the ideal shear texture at the mid thickness of the sheet. Studies of the microstructure 
evolution are almost neglected as more emphasis was given to the deformation texture 
and mechanical properties of the asymmetric rolled sheets. Also, very few studies have 
been carried out for BCC structured metals, which have a strong tendency to form the γ 
and the α fibres in the deformation texture in symmetric rolling. It is interesting to know 
how these prominent texture fibres of symmetric rolling are affected in the asymmetric 
rolling. By taking account of the variation in the parameters of asymmetric rolling, 
studies can be performed for BCC metals such as low carbon steels. Such an 
examination, will not only enhance further understanding about the behaviour of these 
steels in asymmetric deformation mode but will also fill some of the gaps about the 
nature of asymmetric rolling as well. In some cases, it might also reaffirm earlier work on 
the cold rolling texture of asymmetric rolling. 
Apart from the detailed study of cold asymmetric rolling, warm asymmetric 
rolling is yet to be explored especially on the steels where temperature plays a vital role. 
Recent trends of rolling also emphasizing on heavy warm deformation to obtain better 
performance of a material, which might be achievable easier in asymmetric rolling as 
compared to the symmetric rolling, needs to be considered.  
So, after knowing the state of art in asymmetric rolling and studies on low carbon 
steels, the objective of this study is to study the influence of imposed asymmetry on the 
texture and microstructure evolution to address the following questions: 
x Texture point of view: The first and foremost question is that under what 
circumstances the rolling texture moves towards the shear texture at the mid thickness 
of sheet and can it leads to the ideal shear texture. Secondly, under the imposition of 
shear, which texture components of rolled low carbon steels are going to weaken and 
which shear components will strengthen. It was also attempted to address why the 
texture components of an equivalent orientation shows an asymmetry in their 
behaviour when shear strain is imposed on the symmetric rolling texture. 
In case of multi-pass rolling, it is important to understand the conditions of 
where the shear texture obtained from single pass rolling can impart a similar texture 
in multi-pass rolling. In terms of strain path change in rolling, whether further 
strengthening in shear texture or regain of the rolling texture can be achieved by 
rotation about the major axes of a sheet, if so then which one is the best. 
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For the warm rolling temperature range then we need to know how it is going 
to affect resultant texture of asymmetric rolled low carbon steels. Finally, the 
resultant texture of asymmetric rolling whether can show similar type of behaviour as 
observed in torsion test with increase in applied temperature. 
x Microstructure point of view: It has been known in the symmetric rolling that, the 
grains get elongated easily along the rolling direction. However it has not been 
addressed how orientation splitting, inhomogeneity and deformation bands assist in 
the final orientation development in asymmetric rolling. It has also never been shown 
in strain path change of asymmetric rolling whether grain fragmentation will increase. 
When it comes to the high strain regime of cold rolling then how the microstructure is 
in asymmetric rolling as it has been observed in literature that the grain fragmentation 
also increases in the symmetric rolling as well. 
Finally, the studied microstructure of low carbon steels and interstitial free 
steel (IF steel) in warm asymmetric rolling, when symmetric rolling with increase in 
temperature shows reduction in shear band formation in low carbon steels as 
compared to the IF steel.  
Also, in most of cases of asymmetric rolling, quantitative analysis of 
microstructure has not been performed to know how they show dependence on the 
imposed asymmetry. In this study essentially three different types of distribution were 
taken into account which overall represents the most important features of a 
microstructure such as misorientation distribution, grain boundary distribution and 
grain size distribution. 
In order to address these questions, a detailed study work has under been taken to 
understand the impact of various parameters of asymmetric rolling in comparison with 
symmetric rolling on three grades of low carbon steels. The outline of the work is as 
follows: 
Chapter-2 reviews about the literature, primarily on microstructure and texture 
evolution of cold rolled low carbon steels in symmetric rolling. Special attention was 
given to different types of band formation and inhomogeneity in microstructure at various 
stages of a rolling process. In addition, the stability of the ideal orientation of rolling 
texture and the effect of warm temperature were also considered. After examining the 
literature on the symmetric rolling, asymmetric rolling was considered. Here current 
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issues were examined to highlight gaps in the asymmetric rolling work which will 
provide a rationale for this thesis work. 
Chapter-3 deals with the experimental techniques which include material 
processing, measurement of bulk texture, characterization techniques of microstructure 
and measurements of inclination angles.  
Chapter-4 examines the development of shear texture in asymmetric rolling under 
single pass conditions. It will be shown when close to the ideal shear texture can be 
achieved and how this texture differs from the other applied asymmetry and symmetric 
rolling results. Apart from the optimization of texture, the microstructure evolution was 
also studied in detail to examine orientation splitting and deformation band formation in 
asymmetric rolling. 
Chapter-5 addresses multi-pass rolling under symmetric and asymmetric 
condition in two regimes of total thickness reduction to study in detail about the 
prominent texture component development and the quantitative analysis of 
microstructures. The first regime includes the medium strain range (~75% thickness 
reduction) with various thickness reductions per pass in the monotonic mode and by 
applying the strain path change. In the second case, multi-pass rolling was extended to 
the high strain regime (~89% thickness reduction) with optimised condition to achieve a 
close to the ideal shear texture and non-optimised condition for shear texture in 
monotonic mode. Results in extra-low carbon steel (exlc steel) were also compared with 
IF steel and 0.2C steel in high strain regime to examine some aspects of materials such as 
grain size and the presence of cementite which might influence the resultant texture and 
the microstructure. 
In Chapter-6, warm rolling was performed for both symmetric and asymmetric 
rolling with the optimised condition of shear texture. Here, once again exlc steel was 
compared with the IF steel and 0.2C steel. The effect of temperature was studied on 
texture and microstructure as applied conditions of deformation lies in high strain rate 
regime. The possibility of dynamic recrystallization was also examined at 600˚C for the 
warm rolling temperature of exlc steel. 
Chapter-7 presents the final concluding remarks about the present work and 
further possibilities to change the rolling process which might yield better grain 
refinement and improved shear texture in sheet products. In addition, this chapter also 
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presents the preliminary recrystallization texture results of cold asymmetric rolled exlc 
steel with the optimised conditions of shear texture in high strain regime which can be 
extended with the non-optimised condition of shear texture for the future work. 
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Chapter 2  
Literature review 
2.1 Introduction 
Rolling is the process of plastic deformation of materials by passing them through 
a set of rolls. During deformation, metal is subjected to compressive stress in its normal 
direction (ND). The metal sheet is thinned along its ND because of the compressive stress 
and the extension that takes place along the rolling direction (RD) whereas lateral 
expansion is restrained along the transverse direction (TD) by friction [24, 25]. The 
formability of a metal sheet depends on its scheduling during rolling process apart from 
its alloying elements. In other way the type of texture and microstructure evolves after 
rolling process, decides the formability of a metal. Plastic anisotropy induced by the 
formed texture can have both a beneficial and detrimental effect on the formability. In a 
strong textured sheet, the variation in yield stress can be observed along with the 
direction in rolling plane as well as in the thickness of a sheet. Such a directional 
behaviour affects non-uniform material flow in deep drawability of metals. Taking a step 
towards the importance of texture formation in rolling, this thesis work investigates on 
the effect of asymmetry in roll diameters on rolling of plain low carbon steels.  
This literature review is primarily focused on deformation texture and 
microstructure evolution of low carbon steels in conventional rolling and asymmetric 
rolling. Sometimes face centred cubic (FCC) and hexagonal close packing (HCP) metals 
were also considered in literature in order to have consistency and comparison with body 
centred cubic (BCC) metals. Asymmetry in the rolls is an added parameter to the rolling 
mill so it can be considered as a strain path change in conventional rolling. Work related 
to it combined in strain path section of this literature review rather than writing 
separately. 
2.2  Texture of low carbon steels 
The evolution of texture is attributed to the micro-mechanisms associated with the 
processing techniques therefore the knowledge of texture resulting from a particular 
process reveals deformation mechanisms operative in the deformation process. During 
deformation crystals reorient themselves to have a preferred orientation [26]. The 
distribution of these preferred orientations of metals in the rolling process forms tubes of 
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orientations in Euler space by joining the important deformation texture components. The 
axis of tubes of orientation is known as fibres and the gradual evolution of them and the 
texture components with deformation aids in understanding the strain path of the 
deformation process [27]. 
Microstructural and textural based studies of bcc metals and alloys have been less 
studied in comparison with fcc metals. Crystallographic orientation relationship point of 
view the reason could be the active slip systems in these two metal structures. One can 
observe that in these two metals the miller indices of the main texture components of bcc 
and fcc are almost identical if the miller indices of them are interchanged from 
{hkl}<uvw> to {uvw}<hkl> in rolling process [28]. As an example for fcc metals, one of 
the prominent active slip system belongs to the family of {111}<110> slip system. 
Meanwhile, looking at the main slip systems of bcc it can be observed that {110}<111> 
is just in a reverse order. Such an analogy can be observed in Figure 2.1 where plane 
(111) of fcc and plane (110) of bcc share the same common slip axis, represented by the 
thick red line. 
 
Figure 2.1: Comparison of fcc and bcc crystal structure, slip plane and direction. 
Processes such as rolling, where plane strain compression is the main deformation 
mode and in torsion tests where it is assumed that ideal shear mode exists, also show the 
relationship between texture components developed in these two processes for fcc and 
bcc metals. Table 2.1 represents important texture components of rolling and shear in bcc 
(FeCr) and fcc (Al) metals. It can be noted from Table 2.1 that the miller indices of 
prominent rolling texture components of bcc and texture components in shearing of fcc 
are exchanged. This means that texture components of rolling in bcc coincide with 
texture components of shear in fcc (represented by the sign + in Table 2.1) or vice versa. 
Hölscher et al. have pointed out that such interchanges of miller indices indicates that a 
90˚ rotation about the transverse direction (TD) is required to transform the rolling 
texture of bcc into fcc and having an equivalence in rolling and shear texture of them 
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[28]. In addition to showing experimental evidence of the rotational relationship, they 
also interpreted this symmetry of operating slip systems by the Taylor theory and Sachs 
model. 
From modelling work by Hölscher et al. and other research groups, it was 
reported that during deformation of these two metals only the skew part of distortion 
tensor changes its sign, therefore plastic spin also changes its sign whereas symmetric 
part of the distortion tensor remains same for both metals if the applied strain rates are at 
same level [28, 29]. Apart from having similarity in texture evolution, it is noticed in both 
modelling and experimental work that the simple rotation relationship between textures 
of fcc and bcc metals could not be validated at higher strain due to the flattening of 
crystals in rolling. The inefficacy of simple rotation in texture at high strain of these two 
metal structures is also due to the activation of the pencil glide system in bcc, which has 
no quite equivalence in fcc [29]. 
Table 2.1: Main orientations in Fe-16%Cr and aluminium after rolling and shear 
deformation [28]. 
Preferred orientations of 
BCC and FCC metals 
FeCr Rolling FeCr Shear Al Rolling Al Shear 
{0 0 1}<1 1 0> +   + 
{1 1 2}<1 1 0> +   (+) 
{1 1 1}<1 1 0> +   (+) 
{1 1 1}<1 1 2> +   + 
{11 11 8}<4 4 11> (+)   + 
{0 1 1}<1 0 0>  + +  
{0 1 1}<2 1 1>  + +  
{0 1 1}<1 1 1>  + (+)  
{1 1 2}<1 1 1>  + +  
{4 4 11}<11 11 8>  + +  
 
Temperature is one of the important factors that changes rolling texture in bcc 
metals and alloys. It affects the activation of various slip systems and their propensity. 
The main slip systems in bcc metals and alloys are {110}<111>, {112}<111> and 
{123}<111> and first two activates at room temperature rather than {123}<111>. Rolling 
texture studies on other bcc metals along with ferritic steel have shown similarity in 
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texture evolution [30-32]. In past studies, N.P. Goss [33] investigated rolling of low 
carbon silicon steels at different temperatures ranging between 0-743K. He found that the 
conventional rolling texture evolution in low carbon steels is similar as in other bcc 
metals at temperatures below 463K, whereas between 463 - 743K a random texture 
evolve and above 743K a strong {110}<001> texture developed. This was attributed to 
the temperature dependence of deformation mode activation that contributed to the 
texture evolution. Modelling of rolling based deformation work suggests, that at room 
temperature, there is not much significant difference in texture evolution when two slip 
systems {110}<111> and {112}<111> are activated instead of all three slip systems with 
taking an account of slip system {123}<111> as well [29]. During deformation, an 
activation of all three prominent slip systems is also known as pencil glide. 
2.2.1 Cold rolling texture of low carbon steels  
Comprehensive research work on microstructure and texture development in 
deformation and annealing stages of rolled steels has been conducted by Inagaki [34-36], 
Hutchinson [37-40] and Ray et al. [41, 42]. It is worth to noting here some of their 
remarkable work specific to the cold rolling of low carbon steels. Hutchinson summarised 
the factors that affect deformation texture of bcc steels and reported in one of his reviews 
that cold rolling textures are rather insensitive to alloying elements [38]. It is the degree 
of deformation that plays an important for texture sharpness and relative strength of 
different texture components [38]. 
The rolling texture of bcc steels is composed of three fibres, termed as α, γ and η 
but in rolling of plane carbon steels mainly α and γ fibres dominates. Fibre α is a partial 
fibre and its texture components exist between {100}<110> and {111}<110>. Salient 
texture components of α fibre are {100}<110>, {411}<110> and {211}<110> lie along 
with {111}<110> component. The direction of α fibre texture components is parallel to 
the rolling direction so it is also called as RD fibre. The constituents of γ fibre orientation 
are present between {111}<110> to {111}<112>. The γ fibre is a complete fibre and also 
known as ND fibres due its texture components planes are parallel to the rolling plane of 
a sheet. Both fibres have {111}<110> texture component in common. The third fibre η 
ranges between {100}<001> to {110}<001>. Apart from the texture component 
{111}<112>, η fibre has an important texture component {011}<100> (also known as 
Goss component). The direction of all texture components of η fibre is parallel to TD so 
it is sometimes termed as TD fibre. One special texture component {110}<011> also 
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known as a rotated Goss component is usually less common in these class of fibres. This 
texture component has been popularized due to its unique microstructural features such as 
the fish bone structure of its deformation bands (Fig. 2.2). Figure 2.3 shows the important 
texture components of rolled bcc steels in φ2 = 45˚ section of orientation distribution 
functions (ODFs). 
 
Figure 2.2: Fish bone structure or splintered microstructure of {011}<011> oriented grain 
[43]. 
 
Figure 2.3: Important texture components in φ2 =45˚ section of ODFs of rolled ferritic 
steel. 
The texture development after multi-pass rolled with 50%, 74% and 95% in 
thickness is shown in Figure 2.4 [38]. The sharpness of texture components is controlled 
by the degree of reduction in thickness. Hutchinson evaluated volume fraction of various 
texture components in cold rolling using data from Schläfer et al. [44] by integrating the 
density in a spherical volume of orientation space around texture components and gave a 
range of 10˚ for volume fraction of material lying in it [38]. The evaluated volume 
fraction of various components can be seen in Figure 2.5. These trends of α and γ fibre 
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texture components were further confirmed by  Li et al. using neutron diffraction and 
manifested that γ fibre had already begun evolving after 30% reduction in thickness and 
weak α fibre was observed after 50% reduction in thickness. With the increase in 
reduction γ fibre strengthened until 70% reduction in thickness but beyond that only α 
fibre was strengthened [45]. Similar results were reported for different grades of low 
carbon steels in cold rolling [46-49]. 
 
Figure 2.4: φ2= 45˚ sections of ODFs of cold rolled low carbon steel (a) 50%, (b) 74%, 
(c) 95% and (d) key figure for intensity level [38]. 
 
Figure 2.5: Volume fraction of important components of cold rolled low carbon steel 
[38]. 
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Research work by Inagaki et al. [34, 35] deals with the orientation change during 
cold rolling texture formation in low carbon steel. In their experiments, different 
important sharp rolling texture components of α and γ fibres were taken as an initial 
texture for cold rolling in the range of 70 to 85% reductions. They predicted that, during 
rolling, grains having orientation {110}<001> (Goss component) rotates about their axes 
<110> in TD towards the {111}<112> at small reductions of sheet thickness in rolling. 
Similar to the above rotation, they also observed that {111}<112> were impelled to rotate 
about their axes <111> in ND towards the orientation {111}<110>. In addition, when 
taking an account of sharp initial texture {111}<110> then it shows high stability even at 
85% reduction of the sheet in rolling. From the rotation of a sharp initial texture 
components, they anticipated a sequence of crystal rotation in formation of <111>||ND 
fibre (γ fibre). Figure 2.6 shows schematically the formation of γ fibre during cold 
rolling. Yoshinaga et al. also studied the stability of texture components along the 
<111>||ND in pure iron by taking very sharp and isotropic γ fibre from the electrolytic 
deposition method [50]. From their results, texture component {111}<112> remain 
stronger than the {111}<110> even at 80% reduction in thickness. Although 5% 
recrystallized samples of their work suggested that component {111}<112> remain 
dominant in 65% rolled condition but in 80% rolled condition it shifts towards 
{111}<110> component. 
 
Figure 2.6: Rotations of crystal in formation of <111>|| ND highlighted in the frame 
whereas outside of frame corresponds to the recrystallization texture component [35]. 
In order to highlight the consistency of these experimental results by Inagaki et al. 
[34, 35] and the stability of other ideal texture components, Toth et al. carried out some 
modelling work [51]. In their work, they used rate dependent models by giving almost 
equal weightage to the {112}<111> and {110}<111> slip systems. They observed that 
results along ND fibre (<111>|| ND) from Inagaki et al. [34] were consistent with the 
modelling work. Their modelling work also showed that in α fibre, orientations 
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{112}<110>, {445}<110> and {223}<110> were the most stable orientations compared 
to orientations {111}<110> and {113}<110>.  
2.3 Deformed microstructure of low carbon steels in rolling 
The macroscopic changes in texture are governed by micro-mechanisms 
associated with the deformation process. These micro-mechanisms affects both texture 
and microstructure evolution. The study of microstructure at the dislocations arrangement 
level provides the link for macroscopic response of the microstructure and bulk texture 
formation. During deformation only a small amount of work is converted in the form of 
stored energy. This stored energy is used in dislocations generation and their 
arrangements to form dislocation boundaries. With the increased deformation these 
dislocation boundaries interact with each other and finally lead to subdivision of the 
original grains. The subdivision of grains is also orientation dependent and it occurs first 
to those grains which have the most favourable oriented slip systems, or initiate in the 
grains that have the direction of highest resolved shear stress. The research group at Resø 
extensively studied dislocation arrangements, subgrains formation and their orientation 
dependence in cold rolling of fcc metals using TEM and SEM based techniques [52-57]. 
The arrangement of dislocation boundaries is similar in most cases for fcc and bcc 
metals, except for low stacking fault energy metals. Despite microstructural evolution 
similarity in fcc and bcc metals, in the last decade significant work has been done on bcc 
metals, especially on interstitial-free steel (IF steel) to understand slip systems activation, 
dislocation cells formation and the role of microbands and shear bands [45, 58-60]. The 
description of microstructural arrangements in the rolling process of interstitial free steel 
are mostly examined by TEM and SEM based techniques at low and medium to high 
strain rolling and they are summarised here. 
2.3.1 Low strain cold rolling 
At very low strain of ᖡ ൌ ʹǤʹΨ, the microstructure of IF steel consists of long, 
straight and evenly distributed dislocations. From the trace analysis on these dislocations, 
Chen et al. [58] confirmed that {112} type slip system operates in addition to {110} slip 
planes. Reaction between dislocations produces a scissors type of configuration and 
aligns reactant dislocation segments approximately along [100] and in nature they were 
found to be edge type. Figure 2.7 shows that at these strain levels three groups of 
dislocations can form in the same grain. 
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With increasing strain, up to ᖡ ൌ ͶǤʹΨ, the dislocation cells start to form and 
have tangled dislocation boundaries because the elastic energy of dislocation cell ( Ecell ) 
is always lower than dislocation mesh (Emesh) [60]. This tangling accelerates at 
precipitates, whereas at isolated dislocation segments, cross-slip and bow out occur 
frequently and leaves dipoles behind (Fig. 2.8). The cell forming tangled dislocations 
remains in a relaxed configuration during early stage of deformation. These cells have a 
misorientation less than 2˚ and their walls (cell walls) are termed incidental dislocation 
boundaries (IDBs) [52, 53]. 
The increased strain and surrounding grains activate different slip systems in a 
grain and consequently the group of cells are enclosed by a new boundary, which was 
termed by Resø group as geometrical necessary boundaries (GNBs) and microbands by 
other research groups. In most cases, it is observed that the misorientations across GNBs 
or microbands are larger than IDBs. 
 
Figure 2.7: Dislocation reactions after strain of ε=2.2% in IF steel [58]. 
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Figure 2.8: (a) Interaction between particles and dislocation to form cell structure and (b) 
Dipole formation by cross slip of dislocation (arrow mark) in IF steel at ε=4.2% [58]. 
2.3.1.2 Microbands/GNBs and deformation band formation 
Microband formation initiates at low strain in some grains and prevails at high 
stains. The formation of microbands is independent of pre-existing dislocation cells [61]. 
Similar to the dislocation cells formation, microbands can also evolve from the grain 
boundaries, large precipitates and in isolated area of grains where they form on small 
carbide particles (Fig. 2.9)[58]. These sites act as sources of dislocations and can emit 
many dislocations on one slip system so that walls of microbands can be formed. 
 
Figure 2.9: Formation and growth of microbands in IF steel at ε =9.8% from (a) a 
precipitate (b) a grain boundary [58]. 
The formation of either one, two sets or no sets of microbands in a grain can be 
related directly with the number of activated slip systems which have the highest Schmid 
factor. Based on the Schmid factor and experimental evidence on IF steel, Chen et al. 
[58] observed that one set of microbands can form in a grain when active slip systems 
shares a common slip direction which makes cross-slip easier for the dislocations. Two 
sets of microbands forms when deformation geometry favours two slip directions to have 
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almost equal resolved shear stresses and no microbands form when three or more slip 
directions are nearly activated i.e. having almost equal Schmid factors, deforms grains 
homogeneously. In another study by Shen et al. [62], it was reported that microbands 
form in those grains of rolled IF steel at low strain, which have orientations either <110> 
or <111> parallel to TD. Crystals that belong to these orientations have a tendency to 
rotate between unstable orientations before approaching to the stable orientation. This 
kind of crystallographic metastability was considered to be responsible for the formation 
of either one or two sets of microbands. These results suggest that γ fibre might be the 
result of restricted slip and microband formation whereas α fibre is the result of 
homogeneous deformation which does not have microbands. 
The formation of two sets of microband at low strain can be considered as the 
early stage of deformation banding where parts of the same grain rotate in different 
directions due to orientation splitting. Deformation banding occurs when more than one 
primary-slip systems are strongly activated in a grain. However, it was noted that the 
deformation banding appears more appropriate at higher strain rolling when grains are 
flat and deformation bands are substructure of the original crystals. Lee et al. proposed a 
theory concerning the criteria for deformation banding in fcc metals and suggested that it 
depends on orientation, grain size and strain [63]. From their experimental study, out of 
these factors, orientation is very important and it was also observed that the number of 
bands formed in a grain is proportional to the square root of the grain size [64]. Other 
studies show that highly symmetric cube orientation {100}<001> has a greater tendency 
to form deformation bands [57, 65]. 
2.3.2 Medium to high stain cold rolling 
At low to medium strain, microstructural observation from TEM show that the 
microbands walls usually inclined at an angle of ൎ േ͵ͷι െ ͶͲι to the RD and in some 
region, localized shearing can also occur due to offsets in microband/GNBs walls [58]. 
Dorothée et al. [66, 67] reported that these localized area of microbands near the grain 
boundaries have a characteristic of shearing and a periodic lattice rotation within them i.e. 
between the orientation of matrix and orientation in the localized rotated area. They 
observed a periodic lattice rotation in microbands when columnar grains of Fe-3%Si were 
compressed up to 36% at room temperature. These rotated areas are also sites of new 
grains with high misorientation angle (Fig. 2.10). 
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Figure 2.10: (a) EBSD near the grain boundary where periodic rotated and sheared region 
(region o1 and o2) between microbands (b) TEM image on the microbands highlighting 
rotation and shearing of microbands [66]. 
Dorothée et al. [66, 67] also proposed a local lattice rotation model using alternate 
activation of two slip systems to explain why shear, local lattice rotation and new grains 
form close to the grain boundaries. Based on their model, initially, slip activates on the 
primary slip system and forms microbands. Further increase in strain activates another 
slip system when dislocation activities become harder on primary slip system and to 
facilitate global lattice rotation. The activation of second slip system causes shear and 
imbalance in dislocation pile up in these two slip systems to rotate the localized area of 
microbands and form its border with adjacent area of microbands. Further dislocation pile 
up at the border region exerts lattice rotation inside the sheared and rotated region of 
microbands. Such transition between two orientations is quick rather than gradual which 
forms new grain with high angle boundaries (Fig. 2.11).  
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Figure 2.11: Explanation for the origin of localized crystal lattice rotation, shearing and 
new grain formation near grain boundaries by local lattice rotation model [66]. 
In cold rolling around 50% or above, extensive development of localized shearing 
take place over the extended distances. Localized shearing further occurs either in very 
narrow regions of micro-shearing form, giving an “S-band” or shear band appearance to 
the microbands/GNBs, or develop into narrow regions of at least one dislocation cell 
width (Fig. 2.12) [45].  
 
Figure 2.12: Intersections of GNBs by widely spaced thin localized S band structures 
[45]. 
Microstructure becomes considerably complicated when thickness reduction 
increased in the range of 70% to 80%. In some regions the walls of microbands/GNBs are 
almost parallel to the RD, whereas in some places the inclination angle comes down to ൎ
േʹͷι to the RD. At rolling around 90% reduction in thickness, microstructure has almost 
lamellar boundaries but appears to be disturbed more by the localized shearing. Saha et 
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al. observed that rolling in the range of 90- 99%, has a tendency to form nano to ultrafine 
grains [68]. However, they did not observe any occurrence of shear bands which are 
considered to have localized deformation and increased dislocation density so that 
dislocation annihilation and recombination can produce small grain boundaries. 
Interestingly, even at such a high strain of 90-99% reduction in thickness, the 
microstructure of IF steel or other bcc steels maintained visual contrast of α and γ grains. 
With increased deformation, the substructure of γ fibre refines due to greater micro-
shearing and deformation banding, whereas α gains have a smooth type substructure. The 
reason for α fibre grain could be that, they flatten with strain but the internal structure 
remains smooth and no misorientation builds up along with multiple slip system 
activation due to the homogeneous deformation, unlike the γ grains. 
2.3.2.1 Shear bands 
The localized shearing which was identified as ‘S’ band by the Resø group at 
medium strain rolling, acts as a precursor to the shear band formation. The formation of 
shear bands is controlled by the orientation of individual crystals and sheared zones prior 
to the formation of shear bands [45]. Chen et al. concluded in their cold rolling study of 
IF steel that the shear band formation involves dislocation glide and rigid body rotation 
[59]. Dislocation glide produces a rotation about <211> to get ‘s’ band configuration in 
microband formed on {110} planes and rigid body rotation first continue about the <211> 
axis in ‘s’ band then about  TD which is caused by the geometry of the sample. 
Figure 2.13 (a) and (b) shows a magnified image of the shear band and the 
schematic of rigid body rotation and glide by dislocations. It is clear that within enclosed 
segment of shear bands only the rotation of microbands takes place whereas at the edges 
of shear bands, individual microband deforms into fine lamellar microstructures. The 
subgrains of shear bands are also elongated in the shear direction rather than in the 
direction of surrounding matrix. Along with thin shear bands which are 0.1-0.3μm, thick 
shear bands of 1.5-2μm were also observed in medium strained cold rolled IF steel [69]. 
Quadir et al. anticipated that thickening of shear bands were formed by a relative shear 
displacement of the two shear bands [69]. Misorientation of these thick shear bands was 
observed greater than 15° with matrix compared with thin shear bands where the 
misorientation remained less than 10°. 
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Figure 2.13 (a): Magnified image of microband ABSDEF curved by a shear band in 
longitudinal section of IF steel, (b): Schematic representation of (a) and mechanism of 
deformation at microband ABCDEF by rigid body rotation in segment CD and 
dislocation glide deformation in segments BC and DE [59]. 
In general the magnitude of strain associated with shear bands can be very small 
from 1 to very large up to 10 [70]. The shear bands are usually at grain scale but under 
certain deformation circumstances can be up to the sample scale. The propagation of 
shear bands between grains depends on the orientation of neighbouring grains. In bcc 
steels when grain boundaries sheared between two γ-γ grains then shear bands cross it if 
the shear band crystallographically coincides in both the grains whereas in between γ-α 
grain boundary, they terminate. This could be due to multiple slip systems operating in α 
grains therefore they can accommodate very high localized shear carried by shear bands 
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in a homogeneous manner. However, in either kind of boundaries between grains, shear 
bands created wave like offsets along the boundary and towards the rolling direction.  
Dillamore et al. proposed a basic theory of instability to understand shear bands 
formation in deformed material without recourse to detailed crystallographic mechanisms 
[71]. Similarly, Yeung et al. and Lee et al. also purposed the shear band theory and the 
dislocation avalanche model to understand instability in microstructure [72,73]. Recently, 
a shear band model by incorporating crystal plasticity FEM is also proposed for the 
instability in low stacking fault energy materials [74].  
The theory of Dillamore et al. is based on geometrical softening and occurs at a 
strain that is determined by the requirement of developing a strong preferred orientation. 
 According to this theory, the area of the deformation zone is constant in the rolling, the 
condition of plastic instability is: 
݀ߪ ݀ߝΤ ൑ Ͳ, where ߪ ൌ flow stress and ߝ ൌ normal strain. 
Based on the function between orientations (strength of Taylor factor) and shear 
band angle Dillamore et al. [71] observed that in fcc metals the shear bands limits to 
ߠ ൌ9°44’ i.e. a shear plane at 35°16’ to the rolling plane (Fig. 2.14). 
 
Figure 2.14: Geometric softening factor as function of shear angle β for different 
orientations curve (a) for {110}<001>, curve (b) for {4 4 11}<11 11 8> and curve (c) for 
{110}<112> with minimum weighted average at β=35˚ [71].  
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 The value of geometric softening depends on the rate of change of hardness or strength 
with orientation ሺ݀ܯ ݀ߠΤ ሻ and the rate of crystal rotation with strain ሺ݀ߠ ݀ߝΤ ሻ. The rate 
of crystal rotation with normal strain ሺ݀ߠ ݀ߝΤ ሻ can also be related with change in shear of 
shear band (݀ߠ ݀ȞΤ ) via 
ߝ ൌ ݂Ǥ Ȟ  ʹߠ  where ݂ is the volume fraction of material within shear bands and Ȟ is 
the shear in shear band. 
From this relationship it is implicit that two symmetrically disposed sets of shear bands 
are operative. If the material has negligible strain rate sensitive then the value of ݂ can be 
neglected and geometric softening factor can be written as  
ଵ
ெ ቀ
ௗெ
ௗఌ ቁ ൌ
ଵ
ெᇲ ቀ
ௗெ
ௗ୻ቁ  ʹߠ where ܯᇱ ൌ ܯ  ʹߠΤ  
and the strain required to the onset of shear band formation is given by 
 ߝ௦ ൌ ௡ሺଵା௡ሻ ǤܯǤ
ௗఌ
ௗெ   
by keeping the minimum value of geometric softening factor to -0.11 with corresponding 
shear band angle value close to the 35˚16’ (i.e. ߠ = -9˚44’).  
Apart from considering shear bands for whole material, Dillamore et al. [71] also 
considered instability of individual grains. The result showed that in medium rolled cubic 
metals some grains have one set of shear bands while other have two sets of shear bands 
for example the orientation (4 4 11)[11 11 8] does not have a tendency to form two sets 
of shear bands but orientations (1 1 0)[0 0 1] and (1 1 0)[1 1 2] are symmetrical in their 
behaviour and would form two sets of equal shear bands with opposite signs. 
Calculation of the geometrical softening factor for the two variants of the 
orientation (4 4 11)[11 11 8] shows that the negative shear of this orientation i.e. shear on 
a plane nearly parallel to the (1 1 1) plane closest to the rolling plane is preferred and has 
substantially greater geometrical softening factor than the positive shear of this 
orientation (Fig. 2.15). The corresponding shear band angle with negative shear plane 35˚ 
is smaller than positive shear plane 40˚ implies that the largest geometrical factor is 
associated with the sharpest shear band. The complementary shear also operates and it is 
distributed over a large volume.  
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Figure 2.15: Variation of geometric softening factor in orientation {4 4 11} <11 11 8> for 
positive and negative shear bands [71]. 
Bcc steels have lesser tendency to form shear bands at low strains compare with 
fcc metals. Dillamore at el. [71] connected this to higher strain rate of sensitivity of bcc 
metals. The other parameter which makes less shear band formation in bcc is the pencil 
glide i.e. slip system {h k l} <1 1 1> instead of {1 1 0} <1 1 1>. The operation of the 
pencil guide not only modifies the texture but also creates continuous spread in 
components with <1 1 0> rolling direction which further alters the dependence of ܯሺߠሻ 
for the various orientations equivalent in FCC. The calculation of ܯሺߠሻ overestimates 
the importance for orientations {1 1 2} <1 1 0> and the presence of such orientations 
inhibits the propagation of shear bands but does not prevent formation in suitable 
individual grains. 
Based on Dillamore’s theory of instability for shear band formation, Haratani et 
al. analysed the deformation process within shear bands at various angles in a single 
crystal of silicon steel and developed a model to explain the Goss texture within the shear 
bands in terms of oriented nucleation [75]. The chosen orientation of single crystal in this 
work was (111)[11തʹ], which is most frequently present in the cold rolled polycrystalline 
silicon steel sheet. They observed that the orientation of crystal volume within shear 
bands is dependent on the shear band angle, lattice rotation rate and the magnitude of 
applied strain. Figure 2.16 shows all possible values of shear band angle ߠ and its change 
of sign from positive ሺߠ ൏ ͻͲιሻ to negativeሺߠ ൐ ͻͲιሻ. In the positive angle shear band 
side, two types of shear bands were observed. Wider shear bands (Shear band type I) 
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which make an angle of ̱͵ͷι to the rolling direction in the longitudinal plane of rolling 
where strong geometrical softening effect favours strain localization. Another type of 
shear bands (shear bands type II) were narrower and at an angle of̱ͳ͹ι. Based on this 
calculation, no geometrical softening condition existed at this position and no shear bands 
were observed at an angle of ̱െ ʹͲι where geometrical softening was expected. 
The uncertainty in shear band formation angle is partially explained based on 
Taylor factor. With increase in deformation, Taylor factor of crystal volume within a 
band of positive angle shear band increases and makes it less favourable for further 
progressive deformation until substantial geometric softening occurs, whereas in the case 
of negative shear band the increase in deformation decreases Taylor factor. This decrease 
in Taylor factor creates geometrical softening to concentrate deformation within the shear 
bands. Such localization of shear strongly favours the observance of more negative angle 
shear bands but the excess in the number of negative angle shear bands alone would 
necessarily result in a shape change different from that for normal rolling. Such non-ideal 
deformation is possible in single crystal where complementary shear might be present in 
the form of very diffuse shear bands but not possible in polycrystalline because of 
constraints from the surrounding grains.  
 
Figure 2.16: Shear band with their calculated crystallite rotation rate and Tylor factor as a 
function of shear band angle to the rolling plane [76]. 
Further analysis of this model on a given single crystal orientation ሺͳͳͳሻൣͳͳʹ൧ 
indicates that Goss texture component ሺͳͳͲሻൣͲͲͳ൧ lies at the sharp boundary between 
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the matrix and shear band. The existence of Goss orientation near the boundary can be 
explained by steep strain gradient in the band that decreases to zero at the boundary with 
matrix. Therefore, sharp lattice curvature forms near the edges of the band and such sites 
are ideal for recrystallization nucleus and their rapid growth. 
A recent study on rolled polycrystalline silicon steel using the full constraint 
Taylor model and experimental observation confirms a strong dependence of Taylor 
factor on shear band angle in high Taylor factor rotated Goss ሼͳͳͲሽۃͳͳͲۄ oriented 
grains similar to the grains with the ሼͳͳͳሽۃͳͳʹۄ orientation [77]. The dependence of 
Taylor factor with strain or eventually resistance of crystal volume within shear band 
inclined at various angles in plane strain compression can be seen in Figure 2.17. The 
difference in resistance at zero strain itself shows the favourable onset angle for plastic 
instability in shear bands. Although, resistance to the deformation in 90˚ inclination is 
minimal but it is limited by the imposed condition of plastic strain compression. Another 
important aspect of this modelling work indicates that reduction in Taylor factor with 
increase in strain is gained in terms of crystal orientation within the band. The lattice 
rotation in shear bands inclined at ൑ Ͷͷι at lower strain is barely affected but, after 
reaching certain strain levels, geometric softening take place. In result, crystal volume 
rotates from rotated Goss orientation to the Cube orientation and exhibits the largest 
lattice curvature (Figure 2.18). 
 
Figure 2.17: Variation of Taylor factor for crystals of rotated Goss component with 
different inclination angle to the RD [77]. 
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Figure 2.18: Evolution of orientation with increasing strain in shear band from rotated 
Goss component [77]. 
2.4 Effect of carbide content on texture and microstructure of low carbon 
steels 
In plain carbon steels, excess carbon (apart from the maximum solubility of 
carbon in steel) forms carbides at the boundaries of ferrite phase. These carbides not only 
create localized heterogeneity in the microstructure, as mentioned in section 2.2.1, but 
also affects overall texture formation and formability of steels. The influence exerted on 
texture and microstructure by carbides depends on their fraction and distribution. Albeit 
overall tendency of typical cold rolling texture formation is not affected by the carbide 
sizes. The optimum value of texture intensity in the presences of carbides were observed 
at lower amounts of final thickness reduction, compared to interstitial free steels where 
high reduction in thickness is required [40, 42, 78, 79]. Matsudo et al. observed that 
carbide size prior to cold rolling influences the required final cold reduction and heating 
rate in annealing, which directly affects the formability factor ݎҧ-value and οݎ-value [80]. 
2.5 Macroscopic heterogeneity in rolled texture 
Inhomogeneity in texture of rolled strips and sheets mainly depends on friction 
between the rolls and sheet surface, the temperature gradient during hot rolling and the 
geometry of rolling gap or strain path change (changing rolling direction in multi-pass 
rolling). During the rolling process at the mid-thickness plane strain condition prevails, 
while strong deviation from this condition is observed through the thickness. This kind of 
deviation forms shearing along the compression in thickness. The adverse effect of 
lubrication condition can be observed profoundly in warm or high speed hot rolling. In 
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such kind of rolling, a severe shear deformation can be produced beneath the surface of 
the sheet [81-85]. This shear deformation could be produced by a thin surface layer, 
which is chilled due to temperature differences between the rolls and the hot surface of 
sheet. Such shear deformation develops a texture gradient along the thickness. The 
increasing shear strain due to unlubricated condition, in the case of ferritic steels, 
increases the intensity of <110>||ND orientations and decreases the intensities of 
<111>||ND and <100>||ND orientations [82, 85]. 
Other studies have been demonstrated that the roll gap geometry also influences 
the homogeneity of the rolling texture. Roll gap geometry is represented by the ݈ ݄Τ  ratio, 
where l represents the length of contact between the rolls and the specimen and h is the 
specimen thickness. Based on the ݈ ݄Τ ratio, different draughts can be formed in the 
rolling process. For homogeneous rolling, the ݈ ݄Τ  lies in the range of  ͲǤͷ ൑ ݈Ȁ݄ ൑ ͷ and 
is termed as intermediate draughts while the ranges ݈ ݄Τ ൏ ͲǤͷand ݈ ݄Τ ൐ ͷ are small and 
large draughts, respectively [86, 87].  
During the rolling process when reduction in the thickness is kept constant and 
multi-passes are performed, consequently the draught moves towards a small draught. 
Both the small and large draughts cause non-uniform penetration of the shear 
deformation through the thickness of the material. Large draughts forms shear texture on 
the surface while small draughts forms in the intermediate layers of thickness. Similar 
results on aluminium rolling with small and intermediate draughts were obtained by 
Mishin et al. who showed that small draughts formed the orientations near the rolling 
texture components constituted 20-30% close to surface and in the central layer, whereas 
shear texture substantially replaced rolling texture in intermediate layers [88, 89]. Figure 
2.19(a) and (b) represents effect of roll gap geometry and rolling sequence on rolling 
texture of aluminium sheets where A1 rolled in single pass of 37.8% reduction in 
thickness with ݈ ݄Τ ൌ ͳǤͻʹǡ A2 rolled in muti-pass by alternating the top and bottom 
surfaces between passes until 40% final thickness reduction with ݈ ݄Τ ൌ ͲǤ͵ͳͲǤͶͶ and 
A5 was rolled in multi-pass where one pass rolled with 16.2% reduction with ݈ ݄Τ ൌ ͳǤͳͳ 
while other multi-pass given with ݈ ݄Τ ൌ ͲǤͳͺͲǤͶͺ till 38.6% final thickness 
reduction. The intensity variation of shear in thickness is also function of metals and 
alloys due to their flow characteristic when they are rolled in the same conditions. High 
values of yield strength (Y) and work hardening exponent (m) tend to hinder the shear 
deformation [86, 87]. 
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Figure 2.19: (a) Evolution of rolling texture and (b) shear texture along the thickness with 
varying roll gap geometry (data collection from EBSD) [88]. 
2.6 Warm rolling 
In warm rolling, conditions of deformation generally allow the sheet to remains 
soft and ductile, based on the chosen heating temperature. Depending on the rolling 
temperature, the effect of strain hardening can be subsided or nullified by the activation 
of softening mechanisms, which might involve dynamic or static processes.  
In literature, this kind of rolling is mostly performed with a single pass, where 55-
75% reduction in thickness per pass was given in order to simulate whole warm rolling 
process. A single pass rolling was also chosen to avoid any kind of recrystallization or 
softening which occurs when the sheet is reheated between multiple pass rolling [90, 91]. 
An earlier study on warm rolling and annealing of low carbon steel by Matsuka et al. 
reported that pole intensity of {111} can be increased when the rolling temperature is 
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kept around 500°C or above [92]. Similar to Matsuka et al. [92], Sneuma et al. also 
observed that in warm rolling of IF steel, pole intensity of {111} was higher than {100}, 
while in low carbon steels pole intensity of {111} and {100} strengthened and stayed in 
majority till 500°C but at high temperature range, intensity of {411} showed majority 
[93, 94]. Though both studies show improved pole intensity of {111}. However, no 
ODFs were considered to explain the true nature of texture formation in warm rolling. 
Less attention was also given to the deformed texture.  
In recent years by using ODFs, it has been observed that texture formation in 
warm rolling is similar to cold rolling forms α and γ texture fibres in majority [90, 91]. 
Warm rolling of extra low carbon forms a uniform and strong γ fibre until 600°C but 
700°C or above until 800°C, the component {001} <110> (rotated cube) emerged as the 
main texture component with overall weak texture[90] [95]. Results from Barnett et al. 
also show the same tendency of γ fibre and texture components {001} <110> in low 
carbon steels but in the case of IF steel {001} <110> component remains on par with γ 
fibre until 700°C [90]. They also showed that texture intensity is lower in warm rolled 
low carbon steel around 70˚C-300˚C, in comparison with the IF steels. Lower intensity of 
texture in that range of temperature was connected to negative strain rate sensitivity of 
low carbon steels. Figure 2.20 shows the effect of temperature, which includes dynamic 
strain aging temperature range and high ferritic temperatures, on the sharpness of texture 
formation in warm rolling of IF steel and low carbon steel. 
 
Figure 2.20: Texture sharpness of IF steel and low carbon steel at mid thickness with 
increase in temperature [90].  
From studies on warm rolling, it can be concluded that the intensity of texture and 
microstructure depends on temperature of rolling and alloying elements in low carbon 
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steels [96-99]. These two factors affect the presence of shear bands in rolling in terms of 
their nature as intense or moderate. It has been observed that intense shear bands favours 
formation of Goss texture components while moderate intensity shear band favour the 
nucleation of texture components which belongs to γ-fibre [99, 100]. Usually shear bands 
form at low temperature range in low carbon steels but by the addition of alloying 
elements such as chromium they can also form in high ferrite temperature warm rolling 
[98]. Haldar et al. carried out a systematic TEM based study on warm rolled IF steel with 
10 to 30% reduction in thickness at 800°C [101]. It was reported that the development of 
cell block structures or extended planar dislocation boundaries formed on the active slip 
planes as in cold rolling. The characteristics of these boundaries and cell block sizes were 
dependent on the grain orientation similar as in the cold rolling. 
Song et al. simulated continuous multi-pass warm rolling at laboratory scale on 
low carbon steels, imposing total strain ε = 1.6 in four passes, while keeping inter pass 
time about 0.5 seconds and no reheating in between passes applied [102]. Their research 
on 0.36%C low carbon steels and 0.2%C- 0.7%Mn steels shows that perlite colonies can 
be spheroidized during warm deformation. These perlite colonies at ferrite grain 
boundaries have a detrimental effect on post processing and mechanical properties of 
steels. In addition, the homogeneous distribution of complete spheroidized cementite 
depends on applied cooling rate after heavy warm rolling. Spheroidized cementite is 
advantageous in terms of preventing grain growth and acts as a grain refiner due to the 
pinning effect at grain boundaries, triple junctions and the interior of grains [102]. 
Apart from having advantages over hot rolling and cold rolling, warm rolling has 
certain limitations due to the requirement of heavy reduction per pass. In spite of good 
lubrication, heavy reduction in thickness per pass brings texture and microstructural 
heterogeneity when through thickness is examined. Intense shear texture and heavily 
deformed microstructure is usually observed near the top and bottom surface. The 
removal of scale is another cautious work as scale penetrates more along the thickness in 
heavy single pass as compared to the multi-pass low reduction per pass rolling. 
In regards to specific sheet manufacturing, where more contribution of shear 
strain is a requirement, warm rolling might be useful to exert high shear strain. Warm 
rolling with imposed asymmetry in the form of roll diameters or angular velocity might 
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induce desired uniform shear texture through the thickness rather than confine it near the 
surface of sheet. 
2.7 Strain aging of low carbon steels 
Strain aging is a solute atoms diffusivity based process which can improve the 
yield strength and raise the ductile to brittle transition temperature [103,104]. Based on 
the requirement or product, aging can be performed either during deformation or after 
completion of deformation. Aging during deformation is known as dynamic strain aging 
(DSA), whereas aging after deformation is termed static strain aging (SSA). SSA takes 
place as a result of diffusion of the solute atoms to the dislocation core. These solute 
elements segregate and forms atmosphere around the dislocation core and pin their 
mobility. In DSA solute atoms gain enough mobility to hinder the propagation of 
dislocation mobility due to the temperature during deformation. The velocity of 
dislocations is a function of strain rate so, when DSA occurs, the mobility of solutes 
becomes equal to the dislocation velocity therefore it depends on the applied temperature 
and strain rate. Figure 2.21 reflects the effect of applied strain rate on stain rate sensitivity 
in DSA range.  
 
 
Figure 2.21: Effect of applied strain rate on the strain rate sensitivity in DSA temperature 
range[90]. 
The DSA temperature range can shift on the basis of concentration of solute 
atoms especially solute atoms of nitrogen in steel [103]. The initializing temperature of 
DSA depends on the previously applied cooling rate imposed on the material after its hot 
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rolled deformation, which governs the amount of solute atoms in the matrix. With the 
increase in temperature, the mobility of solute atoms also further increases which makes 
them unable to stop dislocation before DSA disappears. The temperature range between 
disappearance of DSA and its decline from DSA range is termed solute drag (SD). The 
onset and disappearance of DSA can be seen in Figure 2.22 where flow stress of steels is 
plotted against the increasing temperature at low strain rate in tensile test. With the 
addition of alloying elements, the peak shape of DSA curve can be flattened in the form 
of a plateau [97]. 
 
 
Figure 2.22: Effect of solute on the onset and disappearance of DSA with temperature in 
tensile test [90]. 
Solute elements, such as carbon, nitrogen, hydrogen and oxygen, occupy 
interstitial sites in steels. Among these, carbon and nitrogen are invariably available in 
steel until some scavenging elements, such as titanium, niobium and aluminium are 
added. The solute elements of nitrogen possess higher solubility and diffusivity than 
carbon. It makes them to have more pronounced effect in the onset of strain aging and 
peak position in the DSA range. The concentration of available carbon in solution for 
strain aging depends on the cooling rate after hot rolling or on holding time after 
reheating, apart from the alloying element to form carbide. 
In terms of application, DSA has both beneficial and detrimental effects. As flow 
stress increases, it creates heterogeneity in the structure by introducing stretcher strain 
and leaves serration/stretcher marks on the surface of the sample. On the beneficial side, 
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it improves yield strength by impeding dislocation velocity that ultimately leads to 
increase in dislocations density. Most DSA experiments are performed at slow strain rate 
(in the range of 10-4-10-1 s-1 with small strain but not much work on the rolling process 
where high strain rates can be applied in between 10+1-10+2 s-1. Karimi et al. reported that, 
with increase in strain rate from 10-4 s-1 to 10-1 s-1 in tensile testing, DSA region narrows 
and shifts towards the high temperature range [105]. This implies that a shift in the DSA 
range for a given concentration of solute atoms with increased strain rate might extend 
the range of low temperature metal processing. Figure 2.23 shows the effect of strain rate 
on shift and constriction of serrated region. DSA can be used as a grain refiner because of 
the nature of its flow localization. 
There are only few reports available where DSA was used in the rolling process 
of steels and these had little detail with reference to microstructural evolution. The 
localize flow of metal in DSA range can retain or increase the fraction of shear bands 
[97-99]. In section 2.2.2.1, it was mentioned that shear bands are also the sites for high 
misorientation angle, so one can project it in the direction of accelerated recrystallization 
process by increasing nucleation site in deformed metal sheet. 
 
Figure 2.23: Effect of strain rate and temperature on the serration formation [105]. 
2.8 Stored energy 
Stored energy is the driving force for the microstructural development in a 
deformed material. This energy stored in the simplest form of defects such as point 
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defects and line defects. The contribution of point defects are more significant at very low 
temperature but ambient or above it is mostly line defects that are dominant, in the form 
of dislocations. An increment in strain results in the form of an increase in density of 
dislocations, by trapping newly generated dislocation at the sites of previously generated 
dislocations and at the other barriers in metal flow such as precipitates and second phase 
particles. These dislocations are evident in the form of microbands and cell structure or 
they can cause misorientation build-up in the microstructure, which leads to the increase 
in grain boundary area. The rate of increase in grain boundary area per unit volume is 
also a function of applied stain and its mode [26]. The density of dislocations increases 
up to a certain level as applied strain increases and after that it gets saturated by 
simultaneous annihilation of dislocations along with their generation.  
Stored energy can be quantified by evaluation the forms in which it is stored, i.e. 
dislocation density. The qualitative distribution of stored energy can be understood by an 
increase in misorientation or grain boundary area, which further depends on the 
orientation of a grain and its surrounding grains. This dependence nature of 
misorientation increment on the orientation shows the uneven characteristic distribution 
of applied strain i.e. cell sizes have their orientation dependent distribution [26]. By using 
high angular resolution double crystal x-ray diffractometer, Borbely et al. performed 
quantitative analysis of stored energy associated with the two most important texture 
fibres α and γ of steel. From their work, the associated stored energy with the γ fibre 
component {111}<112> has 3.6 times higher energy than α fibre component {001}<110> 
in 88% cold rolled ultra-high purity iron [106]. This demonstrates that why these fibres 
have characteristic differences in their appearance in deformed microstructure and 
predominance in recrystallization kinetics. Every et al. reported that within a texture fibre 
stored energy varies along its texture components [107]. Results from Neutron diffraction 
along α and γ fibres gave further insight into this trend of stored energy, that overall 
variation is high along α fibre however small variation along γ fibre was observed on 
80% cold rolled IF steel [108]. 
2.9 Texture modification in the conventional rolling by strain path change 
Apart from the effect of roll gap geometry in conventional rolling, texture can be 
tailored by strain path change during deformation. A strain path change can occur by 
altering sheet entry in rolls or by different friction conditions. Sometimes, strain path 
change occurs by alteration in the rolling mill itself, in the form of roll diameters or by 
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their revolving speed. Studies on strain path are covered in the following two sections on 
sheet entry sequence during rolling and on the shear assisted strain path in rolling.  
2.9.1 Sheet entry sequence during rolling 
During rolling, the orientation of the sheet in between pass sequence plays an 
important role. The orientation of the sheet can be changed by reversing the rolling 
direction of the sheet along 180° to the TD or ND ( reverse rolling), 90° rotation along 
ND (cross rolling) or 90° rotation along RD (orthogonal rolling). These variations in the 
rolling schedule directly reflect changes in texture and microstructure. Due to plane 
symmetry at the mid thickness in rolling, reverse rolling is unable to bring significant 
variation in texture and microstructure. The results of reverse rolling are typical of 
unidirectional rolling. At other end, cross rolling generated more interest due to its 
capability to alter conventional rolling texture. Samman et al. have shown that the 
rollability of highly anisotropic magnesium can be improved in cross rolling compared to 
conventional rolling by reducing its plastic anisotropy [109].  
Cross rolling produces tetragonal symmetry with a fourfold axis in sheet normal 
direction instead of usual orthorhombic symmetry, which has twofold symmetry in 
conventional rolling. The complete transition to tetragonal symmetry depends on the 
number of small pass sequences applied during rolling [110-112]. In practice, cross 
rolling carried out either by the multi-step approach or two-step approach is also known 
as pseudo-cross rolling. In the multi-step approach, almost equal amount of strain is 
applied in each pass and 90° rotation in between each pass, whereas about 50% of total 
strain is applied in one direction and remaining strain along the 90° to the previous 
rolling direction. Bucker et al. reported that in two-step approach the addition of crystal 
rotation is not commutative compared to the multi-step approach where the resultant 
crystal rotation path follows tetragonal symmetry [113]. 
Bucker et al. also observed that the texture of multi-step cross rolling of 0.03% 
steel at ambient temperature exhibits the presence of strong {001}<110> texture 
component of α fibre, meanwhile γ fibre shows uniform intensity along its skeleton line 
but also possesses intense orientation density at texture component {111}<110> and 
{111}<112> [113]. They reported that these results are due to the four fold symmetry 
axis of {001} <110> along the normal direction, which provides an advantage to follow 
tetragonal symmetry. Similarly, the presence of γ fibre was connected to its skeleton line 
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which is parallel to normal direction. TEM based microstructural study of multi-pass 
cross rolled low carbon steel, by Huh et al., shows more occurrence of shear bands even 
at low reduction in thickness, compare to unidirectional rolling where a few shear bands 
were observed at higher reduction in thickness [114]. They connected the rise in fraction 
of shear bands to the flow localization in cross rolling. 
In recent years, Gurao et al. extend the work on cross rolling [115, 116]. 
Microstructural based results show that multi-step cross rolling has larger crystallite size 
and lower micro-strain, compared to the crystallite size and micro-strain associated with 
unidirectional rolling. Using crystal plasticity based simulation they also tried to explain 
that increase in number of slip systems activation was required in order to simulate cross 
rolling texture. Similar to the increased fraction of shear bands in multi-pass rolling of 
steel [114], more frequency of two sets of shear bands and increased fraction of higher 
angle boundary was observed in fcc metals [115]. Transition of texture from copper (Cu) 
type texture to nearly brass (Bs) type texture in rolled copper was also attributed to the 
multi-step cross rolling apart from the usual occurrence due to the addition of alloying 
elements to decrease stacking fault energy [115]. 
Despite showing unique formation of texture by changing pass sequence, multi-
step cross rolling has not yet been explored in detail. One of the main hindrances of this 
process could be the time consumption in scheduling. 
2.9.2 Shear assisted strain path 
In the rolling process, a variation in lubrication condition on both sides of the 
sheet generates this kind of strain path change. Sometimes some sort of shear strain is 
imposed deliberately in rolling by keeping one side of sheet dry or placing a dead weight 
on one side while retaining other side lubricated. Most of the time, effect of such a strain 
path is insufficient to impart reasonable/distinct variation in texture. In microstructure, it 
creates localized effects, which might remain often close to the surface of sheet.  
The potential of such strain path can be observed by increasing shear strain to 
modify the conventional rolling texture. In order to improve the shear for strain path 
effect on rotation of texture, the rolling mill parameter has to be changed. Recently, much 
research has been done on this strain path, which is detailed in the next section.  
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2.10 Asymmetric rolling 
In recent years, the effects of rolling speed of individual rolls have been examined 
in more details. Asymmetric rolling has emerged as an alternative in the existing rolling 
process to produce promising tailored texture and microstructure. Variation in individual 
roll’s speed can be made by keeping one roll idle, connecting with separate driving 
motors or just by changing the ratio of the roll diameters.  
2.10.1 Neutral points, rolling torque and pressure in asymmetric rolling 
In conventional (Symmetric) rolling, both interfaces between sheet surface and 
rolls have the same speed therefore neutral points (where induced shear stress changes its 
sense of shearing to reverse direction) on either side of sheet surface lie on the same 
vertical line. By the symmetric positioning of neutral points, the required torque for sheet 
processing also gets divided equally between the rolls. However, in reality, perfect 
conditioning on either side of the sheet surface is difficult to maintain so one side of sheet 
surface can have negative torque in uneven conditions of rolling.  
Studies on symmetric/asymmetric rolling report that different interface friction 
conditions of rolls influence the distribution of stress, strain and positions of neutral 
points [117-122]. It has been observed in varied frictional conditions at both interfaces of 
roll and sheet in symmetric rolling that the distortion of sheet is more at high friction 
interface than the low friction interface. From various numerical analysis and finite 
element method (FEM) based study of such conditions, it is observed that at small 
thickness reduction per pass, the neutral point associated to high friction interface also 
shifts less towards the exit side of roll gap similar as it occurs at low friction interface. 
Thus, the overall effect of frictional stress which shears the mesh of sheet in RD direction 
remains less [123,124]. Meanwhile, large thickness reduction shifts neutral point more 
towards the exit side of the roll gap thereby influence of frictional stress which shears the 
mesh till reaching the neutral point is high in magnitude as compared to the reverse shear 
stress after the neutral point in RD direction. Therefore, resulting in overall large shearing 
and rotation of mesh at the interface of high friction as compared to the less friction 
interface where associated neutral point still remain in roll gap [123,124]. These studies 
also show that for a given thickness reduction the difference in contact stresses (frictional 
stress (Tf) and Normal stress (Tn)) of upper and lower interfaces increases as the ratio of 
friction coefficients become higher (Fig. 2.24) [124]. 
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Figure 2.24: Comparison between the steady-state variation of contact stresses Tt and Tn 
at the upper and lower roll for μupper /μlower = (a) 1.5 and (b) 2.5 [124]. 
When external asymmetry in form of varied ratio of roll diameter/speed is 
imposed during rolling then the position of neutral point on lower circumferential 
velocity side or at smaller roll is tries to push towards the sheet entry side. On the other 
side where the larger roll has higher circumferential velocity, the neutral point always 
tries to shift towards the exit side or to be pushed outside of the roll gap. Figure 2.25 
schematically demonstrate the positions of neutral point in both conventional (symmetric) 
and differential roll diameter rolling (Asymmetric). This difference in position of neutral 
points causes a cross shear zone in roll gap which assists in forming a through thickness 
shear strain [120-122, 125].  
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Figure 2.25: Location of neutral points in (a) conventional (Symmetric) rolling and (b) 
differential roll diameters (Asymmetric) rolling.  
 
Recently experimental and FEM simulation based study by Roumina et al. further 
emphasize that the development of through thickness shear strain gradient mainly 
depends on the applied reduction per pass and velocity ratio [126]. In the complexity of 
strain path of asymmetric rolling, their study shows that large reduction per pass (25%) 
leads to through thickness shear strain but overall shear strain magnitude is lower 
compared to the rolling with small thickness reduction per pass. This result was explained 
by them on the basis of relative importance of geometrically induced shear strain and 
those arising from friction effects which are affected by the positions of neutral points in 
roll gap.  
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With increase in velocity ratio (Vr = 1 to 2) at small thickness reduction per pass, 
it was observed that the final positions of both neutral points try to shift outside of the roll 
gap. In this condition, shear strain induced from geometry and friction are additive at 
slow roll than the fast roll. It is the consequence of average higher velocity of sheet 
compared to the peripheral velocity of slow roll during rolling. Thereby, at small 
reduction, higher shear strain magnitude develops near the slow roll. However, it also 
forms a deformation gradient through the thickness of sheet (Fig. 2.26a). Meanwhile, 
with increased velocity ratio (Vr = 1 to 2) at higher reduction per pass, neutral point 
associated with slow roll remains in roll gap although slightly more towards the entry 
side as compared to the its position at velocity ratio 1. Whereas the neutral point at high 
roll shifts outside of the roll gap as compared to the velocity ratio 1. Under this, 
accumulated shear strain is significantly modifies at slow roll than the fast roll where 
small degree of change occurs (Fig. 2.26b). Thus, the difference in shear strain on slow 
and fast rolls reduced to minimal or close to zero after asymmetric rolling. 
Roumina et al. also reported that for a given thickness reduction there is an 
optimum velocity ratio and beyond that ratio the induced shear strain saturates [126]. It 
was interpreted based on the link between exit velocity of sheet with its entrance velocity 
and the position of neutral point at entry side which continue to remain at the same 
location regardless of increased velocity ratio beyond the optimum ratio. However, it was 
also emphasized that such quantification of velocity ratio is a function of several 
parameters which includes friction coefficient, chosen reduction per pass and the total 
thickness reduction per pass. Therefore, it is difficult to make quantitative comparison 
between various studies of asymmetric rolling in the literature about the saturation in 
shear strain and rotation of texture about the RD.  
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Figure 2.26: Effect of roll velocity ratio on the neutral points and shear strain distribution 
in (a) Symmetric) rolling and (b) Asymmetric rolling [126]. 
Effect of imposed asymmetry is also observed in the rolling pressure reduction. 
Since total torque in rolling has to remain almost constant so higher roll diameter or high 
circumferential velocity side becomes the driver and carries the majority of torque.  
The rolling force that is given by the integration of roll pressure along the contact 
length between the roll and sheet also decreases with reduction in roll pressure. From 
this, it has been suggested that with the increase in degree of roll asymmetry, the rolling 
force reduces so reduction in sheet thickness can be increased in order to maintain total 
rolling force constant i.e. a large thickness reduction per pass is also possible in higher 
degree of roll asymmetry [127]. Based on analytical models and experimental evidences, 
it has been observed that reduction in rolling pressure and force occurs with increase in 
friction conditions or roll diameter/speed for a given thickness reduction [121, 122, 127]. 
A typical example of roll pressure difference with small increase in velocity ratio at a 
given thickness reduction can be seen Figure 2.27 [125]. In this Figure 2.27a, a drop in 
rolling pressure at neutral points was accounted for change in direction of surface friction 
stress and increase in plateau at cross shear region was attributed to the increased shear 
stress in that region.  However, these studies also reports that the magnitude of rolling 
pressure, force and required torque increases and cross shear region becomes smaller with 
increase in thickness reduction at a given ratio of roll diameter/speed (Fig. 2.27b). 
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Figure 2.27: Effect on the rolling pressure when (a) velocity ratio increased for a given 
thickness reduction (b) thickness reduction per pass increased for a given velocity ratio 
[125]. 
2.10.2 Asymmetric rolling parameters  
Parameters such as reduction in thickness per pass, applied roll diameter ratio, 
differential speed ratio and total reduction in thickness, strain path change by sheet entry 
in the rolls, friction and temperature are the most important parameters in asymmetric 
rolling. These parameters rely on each other in some way to enhance or tailor through 
thickness shear texture. In other ways the ratio of shear strain to the normal strain is 
controlled by these parameters. 
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2.10.2.1 Effect of reduction in thickness per pass 
We observed in section 2.4 that the reduction in thickness per pass affects l/h ratio 
(parameter to gauge roll gap geometry) in symmetric rolling. An increase in the value of 
l/h parameter indicates the presence of shear effect which forms inhomogeneity in the 
conventional rolling texture near the surface of the sheet. Meanwhile, in asymmetric 
rolling, increase in thickness reduction per pass is considered one of the parameters for 
the homogeneity of shear texture instead of the rolling texture.  
Kim et al. comprehensively studied the deformation texture of aluminium using 
several types of reduction per pass with different ratio of roll asymmetry [13]. They 
observed that with the increase in reduction per pass the ratio of shear to normal strain 
increases, however it was not sufficient to move towards ideal shear texture. In addition, 
it was also reported that asymmetric rolling in unidirectional mode was insufficient to 
produce texture near to ideal shear texture despite using a roll diameter ratio of 1: 2 with 
50% thickness reduction per pass. Recently, Hunag et al. worked on AZ31 magnesium 
alloy with roll diameter ratio of 1.167 in wide range of thickness reduction per pass from 
9% to 63% at 300°C. Even after taking advantage of no lubrication and temperature to 
enhance metal flow during rolling, they were unable to produce through thickness weak 
basal texture [128]. From these studies it can be concluded that the thickness reduction 
per pass alone is not sufficient to produce desired ideal shear texture in rolling. 
2.10.2.2 Roll diameter ratio/ roll velocity ratio 
Often in literature of asymmetric rolling numerous different values of ratio 
between either roll diameters or roll velocity are used and in recent years even the 
combination of both. There does not appear to be a general rule for the optimum ratio of 
roll diameters or roll velocities. In roll diameter ratio, a set of different roll diameters 
driven by single motor is used to impart asymmetry, also known as geometric asymmetry. 
A ratio in roll velocities also known as kinetic asymmetry can be provided by connecting 
both rolls with two separate motors. It has been suggested that both are equivalent in 
terms of their effect on the texture [129]. It has been observed that keeping one roll idle is 
not useful for high reduction in thickness and results were also inferior to roll asymmetry 
in the form of ratio of roll diameters or velocities [3, 11]. Another type of roll asymmetry 
which is based on friction condition between either side of the sheet surface and the roll’s 
peripheral surface exists is known as tribological asymmetry. Tribological asymmetries 
are always inferior to other two types of roll asymmetry [129]. It is observed from 
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various reports that the geometric asymmetry has slight advantage over others when thick 
sheet is used for processing. 
The main aim of increasing the ratio in asymmetry is to set both neutral points 
apart enough on either side of the sheet so that the neutral point on the driving roll can 
always remain at the exit side while neutral point of driven side near to the entry side of 
roll gap. Difference in the distance between them influences velocity field in sheet 
thickness and subsequently in the distribution of residual stresses [130]. 
2.10.2.3 Strain path change 
Similar to conventional rolling, strain path change can also be applied in the 
rolling pass sequence of asymmetric rolling. From section 2.6.1, in conventional rolling 
only cross rolling was effective to modify rolling texture as compared to 180° rotation 
along the three axes. Asymmetric rolling opens up effective strain path along all three 
sheet direction RD, TD and ND apart from monotonic unidirectional rolling. A 180° 
rotation along TD has a tendency to enhance shear on the driven side surface of sheet 
during alternative pass reverse sequence. A reverse in shearing can be obtained by 180° 
rotation along RD and ND direction. During reverse shearing, both surfaces have the 
option to expose either side to driving roll, or keeping the same side as in the previous 
pass by selecting rotation along the RD and ND respectively. 
Using Finite element method (FEM), Lee et al. observed that 180° rotation around 
ND and RD produced a final texture close to ideal shear texture at the mid thickness, as 
well as on the surface layers instead of cancelling it [11]. In another study by the same 
group, they also suggested that without reversal of shear strain, the shear texture cannot 
reach to the ideal shear texture by any means in asymmetric rolling [12]. In contrast, 
recent experimental results from Orlov et al. showed complete cancelation of shear 
texture in reverse rolling along the RD [4]. Recent results from other researchers on 
unidirectional rolling with higher reduction thickness per pass and high roll asymmetry 
are also in favour of results as reported by Orlov et al. [4]. 
In conventional rolling, multi-pass cross rolling provides texture with unique 
tetragonal symmetry. Interestingly, there is no single study about cross asymmetric 
rolling. It might be due to time consumption and sheet banding in high ratio of roll 
diameters or speed in asymmetric rolling. 
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2.10.2.4  Total reduction in thickness 
In practice, rolling is performed in multi-pass rather than single pass to obtain a 
homogeneous microstructure and strong texture. A total thickness reduction in the range 
of 90% or above shows a tendency to form ultra-fine grains in conventional rolling [68]. 
A single pass with high reduction in thickness, or with high ratio of roll asymmetry, 
might introduce shear texture in mid thickness but the microstructure can remain 
inhomogeneous through the thickness. Above all, a very high reduction in thickness per 
pass is not advisable in rolling process. An increase in total thickness reduction and 
multi-pass with high reduction in thickness per pass provides the opportunity to impart 
more shear strain, which can be beneficial to impose further rotation in grains and 
enhance grain subdivision. An optimised final thickness reduction for a given reduction 
in thickness per pass and ratio of roll diameters/speed to obtain homogeneous shear 
texture and microstructure is yet to be determined for the asymmetric rolling. 
2.10.2.5  Effect of friction and temperature  
Friction is an important parameter for any given process. It has both detrimental 
and beneficial side. Friction stir welding is a remarkable example of beneficial side of 
friction where whole process solely exists because of friction. In Similar way but not like 
friction stir welding, at some extent the degree of introduced shear texture in asymmetric 
rolling also depends on friction conditions at the contact line between sheet surface and 
peripheral surface of rolls. 
 With the application of lubricant, a very high ratio of shear strain to normal strain 
cannot be reached. Therefore, almost all the studies on roll asymmetry used dry roll 
conditions. However, temperature can assist in imposing high thickness reduction per 
pass by decreasing metal flow stress. Meanwhile, a near to ideal shear texture condition 
can also be satisfied with no friction or negligible frication.  Lee et al. observed that the 
texture formation with high friction coefficient condition can be overcome by the 
combination of less friction coefficient with high roll asymmetry [11]. From various 
reports, it was suggested that hot or warm rolling might be the best option to introduce 
texture close to the ideal shear texture when high reduction per pass and high ratio of roll 
diameter/speed was applied with the lubrication. 
Chapter 2: Literature review 
47 
 
2.10.3 Deformation texture and microstructure by roll asymmetry 
Asymmetric rolling has been evolved from a small effect of uneven conditioning 
on the surface to renewed interest in generating a grain boundary engineered sheet which 
can have ultra-fine grains and high strength. In literature, one can found that asymmetric 
rolling extensively performed on fcc and hcp metals than the bcc metals. 
2.10.3.1 Asymmetric rolling texture of fcc and hcp metals 
The major texture components of fcc metals after conventional rolling lie along 
the β fibre with residual cube texture component from the hot band. The skeleton line of 
β fibre consists of Bs {011}<211>, S {123}<634> and Cu {112}<111> texture 
components. After annealing, cube texture component {100}<001> emerges as the major 
texture component along with the minor texture components of {111}<110> and 
{111}<112>. Such prominent cube texture component imparts Lankford parameter 
inferior to bcc metals. Shear assisted processes such as asymmetric rolling, imposes 
rotation in texture components. As a result of applied shear, cube texture rotates and 
forms rotated cube texture component {001}<011> as well as improved texture intensity 
along the minor texture components {111}<110> and {111}<112>. An improved 
intensity of texture components and their rotation depends on the sensitivity of the texture 
components to the strain path change.  
Choi et al. used Tylor-Bishop-hill model to study the stability of the rotated cube 
{001}<110> and shear component {111}<112> in asymmetric rolled aluminium alloys 
[131]. They observed that the rotated cube texture component and shear component 
{111}<112> which were unstable in plane strain compression became stable with 
increased shear coefficient value from 0 to 1.414 and component such as Dillamore 
component {4 4 11}<11 11 8> shown tendency to be in the metastable state. Further 
analysis represents that in some cases of equivalent orientations of {111}<112> have 
different rotation behaviour and show different state of stability for the same value of 
shear coefficient. Such behaviour of texture components were attributed to the 
asymmetry of the shear texture about TD axis. Similarly, Jeong et al. observed that the 
formation of rotated cube, or rotated cube and shear components, depends on applied 
shear strain in shear affected regions of conventional rolling [132]. 
Recently Sidor et al. performed modelling and experiments on asymmetric rolling 
in compound way along with monotonic asymmetric rolling to improve the intensity of 
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shear components and their behaviour in the through thickness of the strip [133]. They 
observed that a small reduction in thickness via asymmetric rolling localized shear 
texture components in subsurface of sample near to the large roll. Apart from the 
subsurface near to large roll, very less intensity of shear texture components was 
observed at the mid-thickness and a quite shifted position was observed in the subsurface 
near to the smaller roll. Modelling results pointed out that the full constraint Taylor 
model is not sufficient to predict convincing texture from asymmetric rolling, whereas 
Visco-Plastic Self consistent modelling (VPSC) predicts better results. However, the 
Alamel model produces reliable predictions of asymmetric rolling texture. The varying 
degree of reliability in prediction was mainly attributed to their micromechanical 
approach to define grain interaction during deformation. These modelling works depict 
complexity in asymmetric rolling and factors which affect shear texture formation. It has 
been also observed that the intensity of shear texture components of asymmetric rolling 
depends on their stacking fault energy as well [134]. 
In the case of hcp metals, Kim et al. observed that texture of cp-titanium, which 
usually forms split basal texture in conventional rolling at 400°C, can be combined as an 
intense single peak with increasing speed ratio in asymmetric rolling [135]. The 
formation of such converged peak manifests dominance of basal ‘a’ type slip rather than 
pyramidal ‘c+a’  type slip [136]. Similarly, hot rolled magnesium by asymmetric rolling 
also shows single peak inclined basal texture, rather than double peak inclined to the 
rolling direction in pole figure [137]. Beausir et al. performed stability analysis using 
divergence maps and velocity field in asymmetric rolling of pure magnesium [138]. They 
reported that persistence characteristics of asymmetric rolling texture can occur when 
texture components lie on the boundaries of positive/negative divergence zone and their 
velocity filed is zero along the ND direction. 
2.10.3.2 Asymmetric rolling texture of bcc metals 
Metals such as tantalum, β-titanium alloy, niobium, ferritic steels and electrical 
steels have bcc structure in common. Among them, ferritic steels and electrical steels are 
widely used for structural application. Owing to the bcc structure, these metals have a 
strong tendency to form α-fibre (<110>|| RD) and γ-fibre (<111>||ND) in the final texture 
after rolling. In electrical steel where most desirable texture <100>||RD and <100>||ND 
cannot be formed in conventional rolling. By asymmetric rolling α-fibre and texture 
component {111}<110> of γ fibre can be weakened while enhancing intensity of the 
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texture component {111}<112> [139, 140]. Recently, Minh et al. worked on high 
temperature (1250°C) asymmetric rolling of 1.23%Si steel with 20% reduction in 
thickness per pass until 80% final thickness reduction and observed a large deviation of γ 
fibre towards Goss component, along with maximum texture intensity at texture 
component {441}<118> [141]. Sakai et al. performed two pass asymmetric rolling on 
low carbon steel at 500°C with 50% reduction per pass using roll speed ratio of 1:2, they 
observed that texture components {110}<001> and {112}<111>  appeared as the main 
texture components through the whole sample thickness [142]. 
From these high temperature studies at different reduction in thickness per pass 
and total reduction in thickness, the true nature of texture formation in asymmetric rolling 
of bcc at room temperature remains unclear. 
Lee et al. carried out a theoretical analysis to comprehend the propensity of shear 
texture formation in asymmetric rolling of bcc steel at room temperature using FEM 
analysis [11]. They reported that an ideal shear texture cannot be formed in unidirectional 
asymmetric rolling unless a very high shear value is used in rolling. Based on their 
analysis, they proposed some hypothetical sequences of rolling path to obtain near to 
ideal shear texture with small thickness reduction per pass. In reality, the existence of 
such hypothetical rolling paths has not been tried. Recently, Orlov et al. performed 
experimental work on IF steel considering various factors of asymmetric rolling to 
validate FEM based predictions about the enhancement and cancellation of imposed shear 
with different roll diameter ratio [4]. From their work they reported that high roll 
asymmetry in the range of 1.5-2 is not sufficient to form shear texture, even with 30% 
thickness reduction per pass at final thickness reduction up to 90%. In addition, a 
maximum rotation of ~12° in rolling texture was reported at their highest imposed roll 
diameter ratio 1:2 with dry roll condition in unidirectional asymmetric rolling. 
Similarly to the stability analysis of the important texture components or fibres of 
fcc and hcp metals, Toth et al. applied stability analysis on the important γ fibre of bcc 
steels with varying amount of shear strain [10]. It was predicted from deferent models of 
texture that at low shear strain γ fibre remain stable but at higher shear strain it is 
displaced towards the shear texture. Only at very high values of shear strain, conventional 
rolling texture can transfer into the ideal or close to shear texture. 
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From the above mentioned experimental and modelling works on bcc metals, it 
can be said that there is a tendency to deviate from ideal rolling texture with the imposed 
shear strain. Experimental evidence is lacking to confirm the existence of ideal texture 
components in asymmetric rolling and their position in Euler space. 
More experiments are required to reveal the true nature of asymmetric rolling 
texture and its homogeneity or heterogeneity through the thickness. 
2.10.3.3 Microstructural evolution in asymmetric rolling 
Any variation in deformation condition directly affects the orientation of the 
grains. It is already well documented that texture and microstructure are interrelated so 
change in the roll asymmetry would also influence the microstructure of the rolled sheet. 
In the literature of roll asymmetry, less attention was given to microstructural related 
phenomena such as orientation splitting grain boundaries and misorientations. Earlier 
work on roll asymmetry was more related to the small ratio of roll asymmetry so 
statistically not significant change in microstructure was considered. Recently, despite 
using the combination of high ratio of roll asymmetry and reduction in thickness per pass 
in fcc and hcp metals, less information is available on their microstructural constituents 
and related to the grain boundaries. Such high ratio of roll asymmetry work is scarce in 
bcc steels so microstructural related work is least studied. However, in one study on IF 
steel, it has been reported that the tendency to have grains with shear bands and high 
angle misorientation increases as the ratio of roll asymmetry increases for a given 
thickness reduction [4]. 
2.10.4 Limitations of asymmetric rolling 
Much research work have been carried out on the asymmetric factors and rolling 
parameters that cause the bending in symmetric rolling. Similar to the symmetric rolling, 
the bending of rolled sheets in asymmetry mode considered as one of its drawbacks. In 
cold rolling, the provided asymmetry in the form of variation in roll diameters or velocity 
in addition to friction of the rolls and work piece is the prime factor for the bending. 
Increasing ratio of roll diameters or velocity increases the curve of bending. In the case of 
warm or hot rolling, applied temperature plays a vital role by exerting some 
inhomogeneous metal flow and temperature distribution along with other roll parameters. 
In recent years, Cho et al. observed in their hot asymmetric rolling of magnesium 
alloy (AZ31B) with no lubrication that the behaviour of sheet bending is dynamic [143]. 
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In fact, they reported that at low asymmetry in the form of velocity ratio of 1:1.5, the 
curvature changes sign cyclic with increase in reduction of sheet thickness. Monotonic 
bending curvature in either the upper or lower side was observed when the velocity ratio 
increased. Studies based on FEM and other models also confirm that the curvature of 
bending depends on angular velocity or roll diameters with reduction in thickness per 
pass in rolling [144-146]. 
There is little research in regards to overcoming or minimizing the bending effect 
in asymmetric rolling. Few innovative trials need to be performed to minimize the 
curvature of bending. 
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Chapter 3  
Experimental methods 
3.1 Introduction 
This chapter describes the techniques of material characterization which were 
used for the texture and microstructure related analysis at various stages of material 
processing. This chapter also briefly describes the materials used in this thesis and their 
processing schedules. Further description on the initial condition of the material prior to 
the rolling schedules and types of rolling schedule chosen for their deformation is 
provided in the “material and methodology” section of each technical chapter. 
3.2 Material 
Three grades of low carbon steels- interstitial-free steel (IF steel), extra-low 
carbon steel (exlc steel) and 0.2% carbon steel (0.2C steel) were taken for study. Their 
compositions with major alloying element are given in Table 3.1. Out of these three 
grades of steels, IF steel and 0.2C steel were taken from the hot rolled plates provided by 
the BlueScope steel, Australia and exlc steel was obtained from the Tata steel, India. 
Table 3.1: Chemical composition of steels in weight percentage (wt %). 
 
 
 
3.3 Material processing 
All cold and warm rolling schedules were performed on a two high Carl Wezel 
rolling mill in Deakin University, Australia. This rolling mill has a capacity of 50 tonne 
and is single motor driven to exert 34rpm (revolution per minute) speed to the rolls. For 
both symmetric and asymmetric rolling, instead of replacing rolls each time, a new set of 
coaxial rolls was designed in four varying diameters in steps on one shaft and their 
counter set of roll diameters in steps on the other shaft. By this way, both symmetric and 
asymmetric rolling can be performed on a single set of rolls (Fig. 3.1). The flow chart of 
rolling schedules which are performed with this set of rolls is represented in Figure 3.2. 
Both monotonic/unidirectional mode and strain path change were opted in asymmetric 
 C Mn Si Al Cr Ni Cu Ti 
exlc steel 0.0300 0.15 0.006 0.043 0.020 0.010 0.003 0.001 
IF steel 0.0035 0.15 0.005 0.035 0.014 0.027 0.007 0.082 
0.2C steel 0.209 0.588 0.190 0.0038 0.115 0.0926 0.208 0.001 
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rolling. The schematic illustration of types of rotation applied in strain path change can 
be seen in Figure 3.3. 
 
Figure 3.1: Varying roll diameters ratio from 1:1 (symmetric rolling) to 1:2 (asymmetric 
rolling). 
 
 
Figure 3.2: Flow chart of rolling schedules performed with symmetric and asymmetric 
rolling. 
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Figure 3.3: Schematic illustration of asymmetric rolling schedule with strain path change. 
3.4 Sample preparation 
3.4.1 Bulk texture 
For the bulk texture measurements either at deformed or undeformed conditions, 
a 30mm X 30mm cross section was cut along the rolling plane of a sheet. After 
sectioning the sample from a sheet, for mid thickness texture measurement, they were 
ground close to the mid thickness by using 80 grit abrasive papers. Further grinding was 
performed with 240 to 1200 grit size abrasive papers and washed thoroughly every time 
before moving to a higher grit size paper. In the next steps, fine polishing was performed 
with the diamond colloidal suspension ranging from 6μm to 1μm on different polishing 
pads by using a Struers Rotopol automated polishing unit. After each polishing step, 
samples were thoroughly ultrasonic cleaned with deionised water. Once samples were 
polished with 1μm diamond suspension and cleaned ultrasonically, they were etched to 
remove residual mechanical effects of polishing. For etching, 2% Nital solution (98ml. 
ethanol and 2ml. Nitric acid) was used for few seconds. 
For sectioning of a specimen from the asymmetric rolled sheet which usually 
forms a curved sheet, a desired specimen size was cut from it instead of flattening whole 
sheet (Fig. 3.4). In this way, degree of curvature can be minimised at large extent. Later, 
it can be flatten easily by placing them between two flat pieces of dead weight and 
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compressing either by the bench vice or on the pressing machine (Fig. 3.5). Any effect of 
flattening in this way on resultant bulk texture was cross-checked by X-ray diffraction 
machine and EBSD machine on flattened and unflattened samples. Resultant texture 
obtained from these two instruments was identical and thus the applied sectioning and 
flattening method was considered acceptable. 
 
 
Figure 3.4: (a) Flat sheet from symmetric rolling and (b) Curved sheet from asymmetric 
rolling. 
 
 
Figure 3.5: Bulk texture sample preparation for the asymmetric rolled sheet. 
3.4.2 Optical metallography and electron microscopy 
For optical metallography of undeformed and deformed sheet, Specimen from the 
longitudinal section (TD plane) of a sheet was selected and mounted in multi-purpose 
resin. Later, it followed the same steps as described for the bulk texture sample 
preparation from 240 grit size paper till etching with 2% Nital. 
In case of electron microscopy, sample preparation is same as optical 
metallography but few steps need to be replaced and some have to be added. For electron 
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microscopy, samples were mounted preferably with a Struers conducting poly-fast rather 
than the multi-purpose resin in order to have a conducting medium. After polishing with 
1μm diamond suspension and ultrasonic cleaning, specimens were further polished with 
Struers colloidal silica suspension for approximately 2 minutes. These samples were then 
ultrasonic cleaned with ethanol to get rid of any loose particles of silica. In the next step, 
edges of mounted specimen and bottom of mounting resin were connected by the silver 
paste to create a conductive path to avoid the charging of specimen that sometimes 
destabilize the electron beam during long scan and result in beam drifts. 
3.5 Measurements and analysis 
3.5.1 Bulk texture 
3.5.1.1 Measurements 
In the present investigation, Panalytical XPert pro MRD XL® X-ray 
diffractometer which is equipped with a texture goniometer was used for all bulk texture 
measurements. After required specimen preparation (section 3.4.1), the specimen was 
mounted on the cradle of texture goniometer in such way that the rolling direction of the 
specimen and Y axis of the goniometer coincides and they point out in same direction.  
For texture measurements, 50 kV volt and 40mA current operating parameters 
with point focus was selected to maximise the influx of X-rays beam for steel specimen 
from a copper target based X-ray tube. In regards to the selection of spot size for incident 
X-ray beam, it was found that above 2mm x 2mm square spot size, an effect of 
defocusing error increases even at lower Ψ (psi) angles values (Fig. 3.6a). However it 
was observed that the rectangular spot size is better than the square spot size as it 
minimises the defocusing error and maintains almost uniform X-ray intensity till Ψ (psi) 
60˚ to 65˚ (Fig. 3.6b). Based on the Figure 3.6, and specimen size used in the texture 
measurements, 7mm width (w) x 2mm height (h) spot size was selected for all texture 
measurements in this study. After selection of a spot size, Ψ (psi) scans were performed 
on the random sample of ferritic steel at the prominent peaks and their higher order peaks 
to make a correction file which was used in the texture analysis. 
In order to have corrected pole figures from the scanned raw pole figures and 
texture quantification in terms of volume fraction of a given texture components, ODFs 
were constructed. For this purpose, three high intensity peaks {110}, {200} and {112} 
were scanned for generating partial pole figures. For data acquisition, each partial pole 
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figure was scanned till 70˚ value of Ψ (psi) and 360˚ of Φ (phi) with a 5˚ angular step 
size and 3 seconds were given to each angular step size. 
 
 
Figure 3.6: Effect of selection of spot size on the Psi scan (a) square spot size (b) 
rectangle spot size. 
3.5.1.2 Analysis 
Raw texture data was analysed by using commercially available Labotex software 
which is based on the arbitrary defined cells (ADC) algorithm [147]. In the calculation of 
ODFs, it was opted not to impose any kind of sample symmetry due to the nature of the 
asymmetric rolling where full range of ϕ = 0˚ to 360˚ is required for the true 
representation. In order to calculate the volume fraction of main ideal rolling and shear 
texture components in both types of rolling, approximately 10° spread from an ideal 
texture component was taken into the account. In addition, single count in overlap area 
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approach was selected to minimise the contribution from the overlapping texture 
components. 
In regards to the nomenclature of ideal shear texture components in asymmetric 
rolling, torsion based terminology was preferred instead of those rolling texture 
components of FCC metals. It means that ideal shear texture components in asymmetric 
rolling were termed as F, J, D, E etc. rather than writing them as Goss, Brass, Copper etc. 
which are generally used for the FCC rolling texture. It has been reported in the literature 
that the ideal shear texture of BCC is the ideal rolling texture of FCC or vice versa when 
90˚ rotation about TD axis is performed [28]. Although in the Euler space both 
terminology of FCC rolling texture and torsion shear texture of BCC represents 
equivalent orientations of a same texture component. The reason to opt for torsion based 
terminology is to compare with other shear based processes where also torsion based 
terminology is adopted for the ideal shear texture components [148-152]. In case of ideal 
rolling texture components same terminology was used as preferred in the literature of 
symmetric rolling for the BCC metals.  
Table 3.2 and 3.3 represents the nomenclature of ideal rolling and shear texture 
components and their position in Euler notation which is used for the identification of 
texture components and also for their volume fraction quantifications in both types of 
rolling [29, 148-150]. 
Table 3.2: Ideal rolling texture component of BCC metal and alloys in φ2= 45˚ section of 
ODFs. 
Components Miller indices 
(hkl)[uvw] 
Euler angles (˚) 
(φ1,Φ,φ2) 
Rotated cube (001)[110] 0, 0, 45 
f1 (111)[1തʹ1] 30, 54.74, 45 
f2 (111)[ͳതͳത2] 90, 54.74, 45 
e1 (111)[1ͳത0] 0, 54.74, 45 
e2 (111)[0ͳത1] 60, 54.75, 45 
i (112)[1ͳത0] 0, 35.26, 45 
Goss (110)[001] 90, 90, 45 
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Table 3.3: Ideal shear texture component of BCC metal and alloys in φ2= 45˚ section of 
ODFs. 
Components Miller indices 
(hkl)[uvw] 
Euler angles (˚) 
(φ1,Φ,φ2) 
F (Goss) (110)[001] 90, 90, 45 
J1 (Brass) (110)[ͳത12] 125.26, 90, 45 
J2 (Brass) (110)[1ͳത2] 54.74, 90, 45 
D1 (Copper) (112)[ͳതͳത1] 90, 35.26, 45 
D2 (Copper) (112)[11ͳത] 270, 35.26, 45 
E1 (110)[ͳത11] 144.74, 90, 45 
E2 (110)[1ͳത1] 35.25, 90, 45 
 
3.5.2 Microstructure 
3.5.2.1 Measurements 
Optical microscopy: An Olympus DP-70 microscope was used for the optical 
metallography of etched samples that were sectioned from undeformed and deformed 
sheets. An estimation of average ferrite grain size of undeformed sheet was conducted by 
the processing of their optical metallographic images by using ImageJ software [153, 
154]. 
Electron microscopy:  Channel contrast imaging was performed to find the 
spheroidization of cementite in symmetric and asymmetric rolling by using Angle 
selective Backscattered (AsB) detector in Ziess Supra 55 VP FEG SEM. An accelerating 
voltage of 20kV and high current mode was applied at a 6mm working distance for the 
channel contrast imaging.  
All EBSD scans of deformed and undeformed samples were performed on Leo 
1530 FEG-SEM which was coupled with a Nordlays II EBSD detector and AZTEC data 
collection software from HKL Technology. An accelerating voltage of 20kV and a 
working distance around 10mm was maintained in all scans. 
In this study, the longitudinal section (TD plane which contains rolling direction 
(RD) and normal direction (ND)) of sheet was scanned. All samples were placed on the 
EBSD sample holder in such a way that rolling direction of sample and X axis of EBSD 
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co-ordinate system co-exist and point out in the same direction. A step size between 0.5 
to 0.08μm was used according to the feature size of interest and deformed condition of a 
sample. In all scanning, above ~80% indexing was achieved which states that the most of 
acquired data are reliable despite having very high deformation in some cases. 
3.5.2.2 Analysis 
The collected data from EBSD scans were analysed by importing files to the HKL 
Channel 5 software. Apart from the HKL Channel 5 software, EBSDmcf software 
package was also incorporated for the misorientation distribution related quantifications. 
This software package is developed by the research group at Metz University, France and 
available on their permission. 
The most preferred way to represent scanned data is the inverse pole figure (IPF) 
mapping that plots sample directions relative to the crystal co-ordinate reference system. 
In addition, band contrast (BC) map is also used to represent the diffraction quality of a 
scanned surface. To present data in more meaningful way in this thesis work, these two 
maps were superimposed at semi transparency mode to obtain combined IPF+BC map 
which describes orientation of crystals as well as the quality of diffraction pattern from a 
given scanned area. Apart from the combined IPF and BC maps, grain boundaries (GB ≥ 
15˚) were also chosen to superimpose so that the formation of deformation bands, shear 
bands and fine grains can be visualized along the crystal orientation and quality of 
diffraction pattern. In result, superimposed and semitransparent IPF+BC+GB maps in X 
(RD) direction were plotted to represent scanned areas (TD plane) of all the samples.  
In order to reduce the number of non-indexed pixels from map plots, standard 
noise reduction procedure was applied. It means that after applying wild spike correction, 
at least 7 neighbouring orientations were considered initially to assign a new orientation 
to a non-indexed pixel and this procedure was repeated for 2 to 3 times. The remaining 
non-indexed pixel if still there then cleaned by 5 neighbours criteria at max two iteration. 
An extrapolation exercise was taken with caution to software related artefacts. 
 More information related to the grain boundaries were represented in the form of 
distributions plots such as grain boundaries distribution, pixel to pixel misorientation 
distribution, next neighbour misorientation distribution and sub-grain/grain size 
distribution etc. These distribution plots were obtained by using EBSDmcf software 
where minimum tolerance angle of 5˚ was used for defining a grain when a contiguous 
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region formed by continuous close boundaries. In most cases of deformation study, grain 
tolerance angle between 5˚ to 15˚ is commonly used but sometimes 2˚ is also used to 
define a grain in severe plastic deformed materials [155, 156]. 
Grain boundaries distribution: any grain boundary above 3˚ was taken into 
account for the distribution plot since 2˚ or below are usually connected to the sub-cell 
structures [55, 56, 156]. Based on the literature, grain boundaries which possess 15˚ or 
above misorientation are termed as high angle grain boundaries (HAGB) and below this 
angle were termed as low angle grain boundaries (LAGB) [55, 56, 58]. However during 
deformation, a continuous conversion of low to high angle misorientation occurs so 
LAGB were further categorised into two 3˚to 5˚ and 5˚ to 15˚ misorientation angle 
boundaries. 
Misorientation distribution: This type of distribution was plotted in two ways by 
considering pixel to pixel misorientation distribution and next neighbour misorientation 
distribution (NNMD). Although both distributions are correlated type but the distinction 
between these two distributions is realized on the consideration of a closed boundaries 
for defining a grain. In pixel to pixel distribution, it is not necessary to have a close grain 
boundary to be considered as a grain and due to this reason their frequency is also 
affected by the length of detected grain boundaries. While in NNMD, misorientation is 
calculated between the grains which are enclosed by the grain boundaries, and therefore 
same weightage was given to all the counted grains based on their size [156]. These 
distributions were plotted simultaneously to have more insight between the severity of 
asymmetric rolling versus symmetric rolling as a function of processing and their own 
sensitivity for better representation of frequencies in misorientation plot. 
Sub-grain/grain size distribution: The EBSD data were also plotted in terms of 
grain size distribution which can be plotted either in terms of number fraction or area 
fraction. Instead of number fraction, area fraction was chosen for the distribution of grain 
size in this study. Recent studies suggest that area fraction is more advantageous than the 
number fraction to provide additional information on the density distribution of grain 
sizes [157-160]. 
3.5.3 Inclination angle measurement 
Various methods are applied in the literature of symmetric/asymmetric rolling to 
measure the contribution of shear strain experimentally [19, 81, 126, 138, 161, 162]. 
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Inserting pins of same material in sheet and measuring their inclination angle is more 
widely used than having an array of indentation marks along the thickness and making 
two dimensional observations between adjacent indents before and after rolling [126]. 
Although, this recently used indentation method seems to provide better approximation of 
shear strain distribution over the whole strain path in the thickness. However, it is 
difficult to apply at higher reduction in thickness per pass where severe surface 
topological change occurs along the thickness of a sheet. Under this, it becomes tedious 
to identify indentation marks and taking their two dimensional measurements after the 
rolling schedule. 
In this study, approximation of shear strain values were estimated from inserting 
pins of same material with tight fit at the mid width of the sheet. A schematic illustration 
of whole process of inclination angle (Apparent shear angle) measurements is shown in 
Figure 3.7. Minimum two sets of rolling schedules were performed for a given thickness 
reduction per pass to have better statistics of measured inclination angles and taking 
consideration of unavoidable varying friction conditions as well. Inserted pins were 
sectioned in their middle and optical images of these sectioned areas were taken (Figure 
3.7, step-2). By using ImageJ software, two horizontal lines (1/4th of whole thickness 
above and below from mid thickness point of each sheet) were marked so that the whole 
thickness of inserted pin can be partitioned in three zones. These are termed as mid 
thickness zone, above and below zones from the mid thickness zone (Figure 3.7, step-3). 
Each zone was further marked with 8 to 10 horizontal lines parallel to the RD direction 
which gives 16 to 20 points of interest on both inclined edges of a pin to measure 
inclination angles with respect to the undeformed condition of inserted pin (Figure 3.7, 
step-4). These 16-20 inclination angle measurements of each zone from one sheet were 
added to second set of data points from the same zone on another rolled sheet in similar 
conditions. By taking the mean value of these two data set points (32-40 points) was 
considered as an approximated inclination angle of each zone. This mean value of 
inclination angle (Apparent shear angle) for each zone was taken into consideration for 
shear strain calculation and other numerical analysis of symmetric and asymmetric 
rolling. It was assumed that same amplitude of measured apparent shear angle and 
derived shear strain in one pass of rolling will be maintained in all the passes of multi-
pass rolling [138]. 
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Figure 3.7: Schematic illustration of inclination angle measurements from the inserted 
pins. 
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Chapter 4  
The development of shear texture in single pass rolling 
4.1 Introduction 
From the literature review on rolling in Chapter 3, we understand that, there are 
various parameters which affect the rolling texture formation in the rolling. Shear texture 
gradients also evolve along with the plane strain compression texture in symmetric 
(conventional) rolling. Based on the applied l/h ratio and the friction conditions between 
rolls and sheet surface, shear texture can reach its maximum value anywhere between the 
surface and one forth thickness of the sheet. This shear texture also possesses close 
resemblance to the ideal shear texture. By any means the shear texture cannot be 
generated at the mid thickness in the symmetric rolling. Asymmetric rolling (by roll 
asymmetry) can assist in extending the shear effects throughout the thickness.  
In this chapter, a set of rolls were used for the single pass rolling to explore the 
possibilities to maximise the rotation of rolling texture (symmetric rolling) texture 
towards the ideal shear texture specifically at the mid thickness and its homogeneity 
through the sheet thickness. Microstructural and micro-texture analyses were also 
performed to deduce the mechanisms responsible for the texture transition. 
4.2 Materials and Methodology 
In this study extra-low carbon steel (exlc steel) was used for all the rolling 
schedules and sometimes an IF steel was also used to compare texture evolution. The 
initial slabs of provided steels were hot rolled at around 1000°C to reduce the thickness 
from 27mm to 8mm. After hot rolling, sheets were homogenized for an hour at the same 
temperature. The heat treated and air cooled sheets were later milled down to a thickness 
of 5mm and machined in appropriate dimensions for the cold rolling schedules. These 
sheets with 5 mm as an initial thickness were also wedged at the front end to make it easy 
to get a grip in the roll bite at the higher thickness reduction per pass. 
Mainly three combinations of roll diameter asymmetries 1:1.3, 1:1.6 and 1:2 were 
used, in addition to the 1:1 ratio of symmetric rolling, for rolling till a final reduction of 
75% in sheet thickness. For most of the rolling schedules, roll diameter ratios 1:1 and 1:2 
were largely used by default and therefore these ratios can be assumed as the rolling 
mode if not mentioned specifically. No lubrication was applied during rolling in order to 
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keep similar conditions as stated in most of the literature on asymmetric rolling i.e. not to 
encroach into the high friction regime where sticking of sheet takes place on the rolls. 
4.3 Results 
4.3.1 Initial microstructure and texture 
After initial heat treatment and air cooling, the microstructure of exlc steel mainly 
consisted of round and polygonal faceted grains. Along with the ferrite grains, pearlite 
colonies can also be observed in between their grain boundaries (Fig. 4.1). An optically 
magnified view of the pearlite colony is provided in the inset of Figure 4.1. From the 
linear intercept method on the optical metallographic images, an average grain size of 
36.0μm was measured for the exlc steel. 
The recalculated pole figure {110} and an important ߮ଶ ൌ Ͷͷι section of the 
ODFs for the rolling texture shows a very weak texture formation after the heat treatment 
of the initial material (Fig. 4.2). The contour intensity of the pole figures and ODFs were 
compared with the number of times to the level 1.0 (x random) in their respective legends 
(Fig. 4.2). Labosoft software [147] was used to plot x-ray pole figures, ODFs and the 
quantification of the volume fraction of principal rolling and shear texture components. 
 
Figure 4.1: Initial microstructure of extra-low carbon (exlc) steel. 
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Figure 4.2: {110} pole figure and φ2=45° section of ODFs after an initial heat treatment. 
4.3.2 Texture evolution in symmetric and asymmetric rolling 
A single pass rolling strategy was employed to examine when the shear texture 
will appear in the mid thickness of the sheet and subsequently its maximization. The 
reductions per pass were in the range of 20% to 75% of the initial thickness. For small 
thickness reductions per pass, only the high roll diameter ratio 1:2 was used in 
conjunction with the roll diameter ratio 1:1. Other existing roll diameters ratios 1:1.3 and 
1:1.6 were used at the high thickness reductions per pass. Figure 4.3 shows the ߮ଶ ൌ Ͷͷι 
sections of the ODFs after 20% to 75% thickness reduction in a pass for roll diameter 
ratios 1:1 and 1:2. Apart from the ODFs sections, {110} pole figures were also plotted for 
the salient thickness reductions per pass (where significant change in texture rotation 
noticed) to make it easier to visualize and estimate a rotation/tilt in the rolling texture 
(Fig. 4.4). It is important to mention that, due to spring back effect of the rolling mill, the 
actual thickness reduction in a single pass was 68% for symmetric rolling and 73% for 
asymmetric rolling instead of the target 75% thickness reduction in a pass. 
Textures measurement were also performed at 100 to 150μm depth below the top 
and bottom surfaces of the sheet in the 50% and 75% rolled sample for the examination 
of texture homogeneity through the thickness (Fig. 4.5 a, b). This level of depth in 
thickness was chosen to avoid the frictional effect which alters both textures and 
microstructures near the very surface of sheet. Figure 4.5a indicates that at 50% single 
pass asymmetric thickness reduction; the shear texture effect appears more or less 
throughout thickness and reaches close to the ideal shear texture near the bottom surface 
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of the sheet. At 75% thickness reduction, a homogeneous shear texture can be observed at 
all three chosen locations of the sheet (Fig. 4.5b).  
It is observed from the ODFs measured through the thickness at 75% thickness 
reduction per pass that a slight asymmetry exists in the position of asymmetric rolled 
shear texture when compared with the shear texture developed at the top/bottom surface 
of the symmetric rolling (Fig. 4.5b). The ߮ଶ ൌ Ͷͷι sections of ODFs and corresponding 
{110} pole figures were also plotted for the mid thickness of the 75% rolled exlc and IF 
steel at roll diameters ratio 1:1, 1:1.3, 1:1.6 and 1:2 (Fig. 4.6). It is apparent from the 
Figure 4.6 that the rotation/tilt feature in rolling texture begins to appearing with the 
larger roll diameter ratio. The texture resembles nearly to the ideal shear texture at the 
ratio 1:2 in both the exlc steel and IF steel. Both steels display the similar trends of 
texture formation except a slightly enhanced texture intensity in the IF steel. 
The RD (α-fibre) and TD fibres were plotted in order to observe the spread in 
important rolling and shear texture components which exist along these sheet directions. 
Here, the ND fibre (γ-fibre) was not presented as some of the main texture components of 
γ-fibre exist in RD and TD fibres. Figure 4.7a represents an overall intensity variation in 
the RD fibre, which is increasing and shifting towards the lower ϕ values with increasing 
reduction for the symmetric rolling. However, a reverse trend was observed in the 
asymmetrically rolled sheets (Fig. 4.8a). Figure 4.8a also depicts that the RD fibre 
became almost flat with very small intensity variations as the thickness reductions per 
pass increased above 50% using the roll diameter ratio 1.2. 
The trends for the TD fibre in both types of rolling are also in reverse order to 
each other (Fig. 4.7b and 4.8b). In symmetric rolling, the TD fibre increases at the middle 
range of ϕ values and around the ϕ = 0˚ (Fig. 4.7b). Such a rise in the fibre intensity is 
due to their strong texture components in the vicinity of the lower ϕ value. Meanwhile, 
the TD fibre in the asymmetric rolling exhibits a simultaneous shift towards the left and a 
decrease in intensity at the middle range values of ϕ. However, it also shows an increased 
intensity in the vicinity of ϕ=90˚ (Fig. 4.8b). 
The variation in the volume fraction of important ideal rolling and shear texture 
components are plotted in Figure 4.9a, b and c. It is observed that the volume fractions of 
almost all the rolling texture components follow increasing trends with the increase in 
thickness reduction per pass in symmetric rolling. Although, after reduction of 65% or 
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above only certain rolling texture components further strengthen (Fig. 4.9a). Texture 
component {001}<110> (rot. cube) appears as a major texture component with a high 
volume fraction for a given reduction per pass while {110}<001> (Goss) component has 
the least value of its volume fraction at all the conditions of symmetric rolling. 
Similar to the quantification of the rolling texture components for symmetric 
rolling if they are carried out for the asymmetric rolling then a decrease in their volume 
fraction is observed with an increase in thickness reduction (Figure 4.9b). The volume 
fraction of the shear texture components is least in symmetric rolling, thus not plotted 
here. However, in asymmetric rolling their volume fraction increases as the thickness 
reduction per pass increases (Fig. 4.9c). Shear texture components F (Goss) {110}<001> 
and D1 (112)[ͳതͳത1] were developed as the prominent texture components as compared to 
other shear components in asymmetric rolling. It is noted in Figure 4.9c that J1 
(110)[ͳത12] and J2 (110)[1ͳത2] components are stronger than D2 (112)[11ͳത] component. 
These components are generally considered as one of the prominent texture components 
of a shear based process after the D1 (112)[ͳതͳത1] component.  
In order to quantify the through thickness shear texture at 50% and 75% thickness 
reduction per pass, the volume fractions of its texture components were also plotted in 
Figure 4.10. The volume fractions of the shear texture components were also calculated at 
the top/bottom surface of symmetric rolling. Figure 4.10 shows that, at the 50% and 75% 
thickness reduction per pass, the volume fraction of shear texture components are in the 
same range for both symmetric and asymmetric rolling. In this figure the top surface, 
centre and bottom surface of the sheet are represented by the (T), (C) and (B) 
respectively.  
It can be observed that, at the bottom surface of the 50% asymmetric rolled sheet, 
the volume fraction of the texture components are of same magnitude as in the case of the 
75% asymmetric rolled sheet. However, shear texture components have a mixed trend in 
their values when examined through the thickness at both 50% and 75% thickness 
reduction per pass. 
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Figure 4.3: φ2=45° section of ODFs for 20% to 75% thickness reduction in (a) symmetric 
rolling (1:1) and (b) asymmetric rolling (1:2). 
 
Figure 4.4: {110} pole figure at thickness reduction per pass (a) 30%, (b) 50% (c) 65% 
(d) 75% in asymmetric rolling (1:2). 
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Figure 4.5: Through thickness φ2=45° section of ODFs at top, mid and bottom surface for 
(a) 50% and (b) 75% thickness reduction per pass. 
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Figure 4.6: {110} pole figure and φ2=45°  section of ODFs at roll diameter ratios 1:1,1:1.3, 1:1.6 and 1:2 for (a) exlc steel  and (b) IF steel. 
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Figure 4.7: (a) RD and (b) TD fibre representation for symmetric rolling (1:1) for 
thickness reductions of 20% to 75% per pass. 
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Figure 4.8: (a) RD and (b) TD fibre representation for asymmetric rolling (1:2) for 
thickness reductions of 20% to 75% per pass. 
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Figure 4.9: Volume fraction of rolling texture components in (a) symmetric rolling (b) 
asymmetric rolling and (c) shear texture components in asymmetric rolling (1:2). 
 
Figure 4.10: Through thickness volume fractions of shear texture components in 
symmetric rolling (1:1) and asymmetric rolling (1:2). 
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4.3.3 Approximation of apparent shear strain and shear coefficients 
The profile of inserted pins at different roll asymmetry and reduction per pass can 
be observed in Figure 4.11. An examination of the inserted pins reveals that the deviation 
from symmetric rolled pin profile increases as the roll asymmetry increases at a given 
reduction per pass. One directional inclined profile becomes noticeable through the 
thickness once the roll asymmetry increases from 1:1.3 to 1:1.6 and its inclination further 
increases at 1:2. In rolling experiments, small roll diameter set was kept on the upper side 
and the corresponding large roll diameters were mounted on the lower side of the rolling 
mill. An effect of this can be seen in the pins that lower half of them have a bit more 
inclination then the upper half of the profile at 50% thickness reduction per pass and 
above. This suggests that the large roll diameter is the driving roll while the smaller is on 
the driven side. The difference in the inclination of pin profile from top to bottom surface 
becomes negligible at 75% thickness reduction per pass (Fig. 4.11). 
 
Figure 4.11: Inclination of inserted pins at 30%, 50% and 75% thickness reduction per 
pass with various roll diameter ratios in rolling. 
Total effective/equivalent strain in the case of imposed roll asymmetry (roll 
diameter ratio) and symmetric rolling is calculated on the basis of the equations (1) and 
(3) used in the literature [19, 133]. The inclination of pins from their initial vertical 
position is evaluated as an apparent shear angle (θ) in equations (1, 2). These variations in 
apparent shear angle at the mid thickness by varying roll diameters ratio is plotted in 
Figure 4.12. It is noted that the value of apparent shear angle increases with both applied 
roll asymmetry and reduction per pass. To observe the inclination of pins near the driving 
and driven rolls, the values of apparent shear angles were also plotted towards the bottom 
and top surfaces from the mid thickness of the sheet (Fig. 4.13). From Figure 4.13, it is 
observed that the profile of pins transits from a parabolic shape to a single line profile as 
the ratio of roll diameters increases for a given thickness reduction per pass. 
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Effective/equivalent strain equation for roll asymmetry instead of equivalent von 
Mises strain: 
 ߝ௘௤ ൌ  ଶξଷ ׎݈݊
ଵ
ଵିఈ       (1) 
here  ׎ ൌ ൥ͳ ൅ ቆቀሺଵିఈሻమఈሺଶିఈሻ  ߠቁቇ
ଶ
൩
ଵ ଶൗ
and  ߙ ൌ ͳ െ ௛೑௛೔    (2) 
Equivalent von Mises equation for no asymmetry: ߝ௘௤ ൌ  ଶξଷ ݈݊
ଵ
ଵିఈ  (3) 
here α = thickness reduction ratio, ௙݄ = final thickness after rolling, ݄௜ = thickness 
before rolling and θ is the measured apparent shear angle in radians. 
In the above mentioned equation for the equivalent strain in asymmetric rolling, 
an apparent shear angle (θ) can be measured either from the inclination of inserted pins or 
from the microstructural observation. In the literature, both types of measurements have 
been implemented but the inclination of inserted pins was preferred over the 
microstructural observations. A theoretical approximation of the equivalent strain which 
is referred in some studies as equivalent von Mises strain can be calculated by using 
equations from Sidor et al. [19, 133], where they used the equation of imposed shear 
strain by Kang et al. [163] and Sakai et al. [81] along the plain strain compression. The 
value of approximated shear strain is given by 
ߝ௫௭ ൌ  ଵ௛೔ା௛೑ ቂܴଵ 
ିଵ ቀଶோభି൫௛೔ି௛೑൯ଶோభ ቁ െ ܴଶ 
ିଵ ቀଶோమି൫௛೔ି௛೑൯ଶோమ ቁቃ  (4) 
and rolling strain  ߝ௫௫ ൌ  ቀͳ െ ൫௛೔ି௛೑൯௛೔ ቁ    (5) 
by an addition of ߝ௫௭ with rolling strain ߝ௫௫, equivalent von Mises strain can be 
written as    ߝ௏ெ ൌ  ଶξଷ ሺߝ௫௫ଶ ൅ ߝ௫௭ଶ ሻ
భ
మ    (6) 
here, ܴଵand ܴଶ are radii of the driven and driving rolls respectively. 
A comparison in the values of equivalent von Mises strain by these two methods 
is plotted in Figure 4.14. It can be observed that at smaller roll diameters ratio, both the 
theoretical method and using the apparent shear angle from inserted pins shows a very 
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small difference in the values of effective strain or equivalent von Mises strain (Figure 
4.14). A noticeable difference in the values of strain is observed when high roll 
diameter ratio 1:2 imposed, where apparent shear angle is also high. Albeit, at higher 
reduction per pass this difference also get reduced significantly with the increase in roll 
diameters ratio.  
A contribution of shear strain ߝ௫௭ in equivalent von Mises strain can be quantified 
along with the plane rolling strain ߝ௫௫, ,which results from the normal compression. 
Figure 4.15 represents the quantified contribution of them with the increase in thickness 
reduction per pass, meanwhile varying the roll diameters ratio. It is observed that the 
contribution of shear strain ߝ௫௭ is small as compared to the rolling strain ߝ௫௫ even after 
increasing thickness reduction per pass up to the ~75% till the applied roll diameters ratio 
1:1.3. The contribution of shear strain ߝ௫௭ increases significantly as the roll diameter 
ratio changed from 1:1.3 to 1:1.6 or above. From Figure 4.15, it seems that the shear 
strain becomes comparable to the rolling strain at higher roll diameter ratio but still at 
higher thickness reduction around 65% or above, rolling strain dominates again. Albeit, 
this difference in rolling strain ߝ௫௫ and shear strain ߝ௫௭ is less at roll diameter ratio 1:2 as 
compared to the other roll diameters ratio used here for a given thickness reduction per 
pass.  
From these theoretical equations (4) and (5), the shear coefficient in rolling can be 
calculated as it is the ratio of shear strain and rolling strain. However, shear coefficient 
can also be approximated by taking an account of inclination of pins rather than by 
calculating from above mentioned theoretical equations (4) and (5) [138]. 
The approximated shear coefficient from the inserted pins can be expressed as 
݌ ൌ ௛೑௛೔ି௛೑ ൫ߙ௙൯      (7) 
here ߙ௙ is the final inclination of pins from their initial insertion position and 
௙݄,݄௜ are the same as used in equations (4) and (5). 
By using equations (4), (5) and (7), the trends of theoretical shear coefficient and 
experimentally measured shear coefficient ሺ݌ሻ are plotted in Figure 4.16. It can be seen 
that the values of theoretical shear coefficient monotonically decreases as Sidor et al. 
predicted in their simulations for the small thickness reduction per pass and roll diameters 
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asymmetries [133]. The shear coefficient measurement from the inclination of the pins 
increases significantly after 50% thickness reduction per pass. It is also noted that the 
shear coefficient values measured by using inserted pins has significant difference in the 
shear coefficient values as the roll diameter ratio increased from 1:1.3 to 1:1.6. On the 
other side, higher roll diameters ratio, 1:1.6 and 1:2 shows a negligible difference below 
the 50% thickness reduction per pass. However, they exhibit increased deviation in shear 
coefficient values as the thickness reduction per pass increases. 
Parameter l/h is defined on the bases of contact length projected in rolling 
direction and the draft of sheet (mean value of sheet thickness before and after rolling) 
[89, 132]. It can be expressed as  
௟
௛ ൌ 
ටோ൫௛೔ି௛೑൯ି൫௛೔ି௛೑ ଶΤ ൯మ
൫௛೔ି௛೑൯      (8) 
A plot between change in roll diameters ratio and reduction per pass can be seen 
in Figure 4.17 for the l/h parameter. It is observed that l/h parameter moves from medium 
draft to large draft with increase in reduction per pass from 30% to 75% reduction in 
thickness as defined in literature [87, 89]. 
An increase in thickness reduction per pass also affects the strain rate employed in 
rolling process in addition to the other parameters. By considering Ko et al. [164] 
assumption for asymmetric rolling that the contact sliding occurs in the rolling and taking 
an average of roll speeds of top and bottom surface of the sheet, strain rate can be 
approximated as 
ߝሶ ൌ  ்௥௨௘௦௧௥௔௜௡௜௡௔௚௜௩௘௡ௗ௘௙௢௥௠௔௧௜௢௡ሺఌሻ௧ೌೡ೐      (9) 
An average deformation time can be defined on the basis of average velocity and 
contact length during each reduction per pass. 
ݐ௔௩௘ ൌ ௖௢௡௧௔௖௧௟௘௡௚௧௛௩ೌೡ೐ ൌ
ටோ൫௛೔ି௛೑൯ି൫௛೔ି௛೑ ଶΤ ൯మ
ቄሺଶగ௡ೌೡ೐ൈଵ଴଴଴ሻ ଺଴ൗ ቅൈோ
    (10) 
here R = average radius of two rolls in mm, ݊௔௩௘ = average roll speed of top and 
bottom surface of sheet in RPM (revolution per minute) and ݄௜ǡ ௙݄ are the thickness 
before and after rolling in mm. Figure 4.17 depicts the approximated strain rate values on 
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the right side scale of Y-axis. It can be inferred from the trends of strain rate that the 
variation in reduction per pass has less effect on strain rate for a given roll diameters 
ratio. However, variation in roll diameters ratio for a given thickness reduction per pass 
affects profoundly. 
By combining the information in these different plots of roll diameters ratio 
versus thickness reduction per pass with various parameters of rolling, it is noticed that a 
significant change occurs when roll diameter ratio changed from 1:1.3 to 1:1.6 or higher 
in the asymmetric rolling. An effective shear strain seems to appear after certain 
thickness reduction per pass and roll diameter ratio. Under such conditions of asymmetric 
rolling not only the inclination of apparent shear angle will be high but also the strain rate 
and l/h parameter. Therefore, it can define the severity of applied strain and the 
development of shear texture in the asymmetric rolling. 
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Figure 4.12: Inclination of apparent shear angle at mid thickness with increased thickness 
reduction per pass at different roll diameters ratio. 
 
Figure 4.13: Variation of apparent shear angle from mid thickness with increased 
thickness reduction per pass at different roll diameters ratio. 
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Figure 4.14: Total effective/equivalent strain at mid thickness from inclination of inserted 
pins (θ) and theoretical equations. 
 
Figure 4.15: Variation in εxx and εxz at mid thickness from theoretical equations. 
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Figure 4.16: Approximated shear coefficient at mid thickness from inclination of inserted 
pins (θ) and theoretical equations. 
 
Figure 4.17: Approximated values of l/h parameter and strain rate with different roll 
diameters ratio at varying thickness reduction per pass. 
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4.3.4 Microstructural observations 
Based on the bulk texture measurements and their analysis for different roll 
diameters ratio and thickness reductions per pass, selected samples were scanned at the 
mid thickness by EBSD. These scans were performed to understand the effect of 
modified texture from roll asymmetries and their rolling schedules on the microstructural 
constituents. In microstructural study, grains with boundaries ≥ 15° were considered to 
draw in inverse pole figure (IPF) maps. This step was taken in order to visualize the grain 
subdivision/fragmentation due to the formation of orientation splitting, deformation 
bands, shear bands etc. at small to moderate thickness reduction in a sheet.  
In addition to the IPF maps, separate maps were also plotted by superimposing the 
band contrast (BC) map with the different grain boundaries. Here in the superimposed  
IPF+BC maps grain boundaries between 3°- 5° are represented by red, between 5°- 15° 
by green and ≥15° are delineated by black. Sometimes, in addition to the IPF maps, 
{200} pole figures were also plotted to visualize the local orientation in between grain 
matrix and different induced bands due to the applied deformation conditions. 
4.3.4.1 Single pass symmetric and asymmetric rolling 
At small thickness reductions per pass, the microstructural variations that are 
formed in higher roll asymmetry (1:2) are similar to the symmetric rolling at the mid 
thickness of a sheet. Inhomogeneity in microstructure begins to appear at the mid 
thickness from the applied roll diameter ratio when 30% reduction per pass or above was 
applied in the rolling. Figure 4.18 shows the microstructure of the sample deformed with 
30% reduction per pass at 1:2 asymmetric rolling conditions. It is evident that the grains 
are slightly tilted and elongated in the rolling direction due to applied rolling asymmetry. 
Localized deformation at microbands can also be observed in certain grain orientations.  
Due to the applied asymmetry, it is noted that apart from other orientations which 
usually form sharp microbands, some of the grains (possess smooth change in 
orientation) with α fibre orientation <110> also reveal early stages of orientation 
transition towards either orientations <001> and <111> or in between them. A few grains 
in such orientation transition are highlighted by no.1 and 2 in Figure 4.18a. By measuring 
misorientation between the pixels (point to point), it is seen that the misorientation builds 
up in the range of 10˚ to 15° or more at some of these sites of orientation change in the 
grains.  
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This deformation induced localization at the microbands demonstrates a high 
misorientation in the vicinity of the original grain boundaries which proceeds towards the 
interior of grains. However, in the interior of a grain, such localized deformation either 
remains with same misorientation as they had at their origin or reduces to the grain matrix 
misorientation based on their propagation. Figure 4.19a highlights the encircled area 1 of 
Figure 4.18a where misorientation gradient build up from the vicinity of a grain boundary 
to the interior of a common orientation {111}<110> of α and γ fibre and its location with 
neighbouring grains. Meanwhile Figure 4.19b represents the encircled area 2 where 
orientation splitting occurring in another α fibre grain of {112}<110> orientation towards 
the shear texture type {110}<112> orientation. This selected grain is surrounded with 
large grains of Goss {110}<001> and cube {001}<100> orientations on one side and 
rotated cube {001}<110> grain on another side which shows its rotated area towards the 
cube and Goss orientations nearby the highlighted grain. 
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Figure 4.18: (a) IPF map of asymmetric rolling (1:2) at 30% thickness reduction per pass 
and (b) Grain boundary map. 
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Figure 4.19: Magnified areas of asymmetric rolling (1:2) at 30% thickness reduction per 
pass (a) area-1 and (b) area-2. 
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At 50% thickness reduction per pass 
By increasing the reduction per pass from 30% to 50%, a characteristic difference 
in the microstructures becomes evident for both symmetric and asymmetric rolling with 
roll diameter ratio 1:2. In both types of rolling, grains get elongated more as compared to 
the 30% thickness reduction. However, at this stage, their inclination with the rolling 
direction and elongation is higher in the asymmetric rolled sample than the symmetric 
case.  
Apart from the difference in inclination and elongation of grains with rolling 
direction, another distinct difference in these two microstructures is the fraction of grains 
which possess low misorientations and orientation splitting. It can be observed that the 
symmetric rolled sample contains more grains with the <110> type orientations and 
frequent occurrence of the grains with low angle misorientations (Fig. 4.20). Meanwhile, 
asymmetric rolled sheets possess more grains which are having orientation towards the 
<001> orientations than the <111> and <110> orientations and grains with higher angle 
misorientations (Fig. 4.22a).  
It is observed that, at this level thickness reduction per pass, the symmetric rolling 
has less tendency to form deformation bands. However, one can observe a few fine 
offsets along the microbands and shear bands in some grain boundaries. Some areas of 
fine shear bands and microbands, where orientation gradients forms and act as sites for 
high angle sub grain division in symmetric rolled sample are highlighted in Figure 4.20. 
For an example, it can be observed  in the {200} pole figure of the second highlighted 
area that  the grain matrix close to the microband offset belongs to an orientation of 
{112}<110> and formed offset along the microbands has rotating tendency towards an 
orientation {011}<111> (Fig. 4.21a). Similarly, magnified area-3 displays fine shear 
bands formation (usually possess {110}<001> orientation) in a grain matrix of {112}-
{110}<110> orientation (Fig. 4.21b). A misorientation distribution is also plotted at the 
orientation change between the grain matrix and offsets along the microbands and shear 
bands, which can be seen in the magnified view of the highlighted area (Fig. 4.21). It is 
apparent from the point to point misorientation that the misorientation sharply increases 
in the range of 10˚-15˚ or above at these sites. Similar to the shear bands, high 
misorientation also forms across the other localized heterogeneity which can be observed 
in the grain boundary map corresponding to the IPF map in Figure 4.20. 
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It can be seen from these salient highlighted areas in symmetrically rolled samples 
that the most of orientation splitting contributes to the principal texture components of the 
rolling texture than the shear texture except the shear bands. These splitting are also the 
sites for high misorientations. 
In case of asymmetrically rolled sample, it is noticed that the tendency to form 
deformation banding across the whole grain increased in addition to the discontinuous 
bands which subdivide the original grains (Fig. 4.22a). Apart from these deformation 
bands, it is also evident in asymmetric case that the tendency to form fine shear bands is 
higher where fragmented sub grain boundaries possess misorientations ≥15˚. An 
examination of corresponding grain boundary map of the IPF map shows that the overall 
misorientation in asymmetric rolling is also improved as compared to symmetric rolling 
(Fig. 4.22b). Majority of grains, including α- fibre oriented grains, possess high fraction 
of misorientation boundaries in 3°-5° and 5° to 15° range. 
Similar to the symmetric rolling analysis, α-fibre oriented grains were also 
highlighted along with few other orientations in the IPF map of asymmetric rolling to 
observe the nature of orientations formation during the grain fragmentation (Fig. 4.22a). 
The magnified views of these highlighted areas are plotted separately in Figure 4.23 and 
4.24. It is observed from the {200} pole figure of the site 1 in highlighted area (1) that the 
grain matrix around the shear bands has an orientation close to {113}<110> (rolling 
texture) and formed shear bands have F {110}<001> Goss orientation (shear texture) 
(Fig.4.23a). Meanwhile at site (2) in the same grain matrix, the fragmented segments of 
fine bands have tendency towards to the other shear texture components J {110}<112> 
and E {110}<111> orientation (Fig.4.23a). 
Other examples of grain subdivision due to deformation bands are observed in 
Figure 4.23b and 4.24(a,b). In a magnified view of the highlighted area (2) in Figure 
4.23b, the grain matrix has orientation of {111}<110> and rotated along the deformation 
banding towards the orientations J {110}<112> and E or e {111}<110>. In other 
highlighted areas in Figure 4.24, the original grain has gone through significant 
orientation changes along its elongation in the rolling direction. Here, area (3) shows that 
deformation bands are forming and making segments of D {112}<111> orientation in 
majority while its surrounding matrix tends to have orientation at {111}<110> (Fig. 
4.24a). The fourth highlighted area in Figure 4.24 shows a gradient in orientations of both 
Chapter 4: The development of shear texture in single pass rolling 
90 
 
rolling and shear texture such as {111}<110>, D {112}<111> and {111}<112> 
orientations  along the deformation bands (Fig. 4.24b). Although, associated grain matrix 
has a difference in orientations on the both sides of deformation bands. Such orientation 
splitting due to deformation bands in grain matrix which possess Goss {110}<001> type 
orientations suggests that the Goss orientation can also fragment in the imposed condition 
of shearing. Similar to area 4, the grain matrix on the left side of deformation bands (area 
5) has {110}<001> orientation in general and {111}<110> orientation on the right side of 
the shear bands (Fig. 4.22a). In area (5), a F {110}<001> (Goss) oriented grain is 
highlighted with a deformation band which subdivides the grain. The subdivided part of 
the {110)<001> grain possess J {110}<112> orientation in the majority. 
From these orientation splitting and band formation, it is noted that majority of 
them support to the formation of principal shear texture orientations than the rolling 
texture components in asymmetric rolling. Grains with Goss and α fibre orientations, 
which usually have smooth structures in symmetric rolling also form shear texture 
orientated deformation bands. 
At 65% thickness reduction per pass or above 
A significant change in microstructures was observed when reduction per pass 
~65% or above applied. Figure 4.25 depicts the IPF map of symmetric rolling, having 
almost all of the grains get flattened and elongated along the rolling direction. Most of 
these elongated grains belong to the orientations of α and γ fibres. Here, grains with shear 
bands and sharp microbands possess {111}<110> orientation of the γ fibre meanwhile 
notable orientation {112}<110> of α fibres shows its majority in other grains (Figure 
4.25a). However, the aspect ratio of these flattened grains is higher in symmetric rolling 
as compare to the asymmetric rolled samples. 
The corresponding microstructural changes in asymmetric rolled samples are very 
different. It can be observed in the asymmetric rolled IPF map that almost all the grains 
got subdivided either by shear bands or deformation bands (Fig. 4.26). 
An uneven distribution of these bands can be observed in some of the grains 
where orientation of these bands mostly rotated towards {110}<111> in a matrix of 
orientation varying from {110}<112> to {112}<110>. This highlighted in the area 1 of 
Figure 4.26a and magnified view in Figure 4.27a. Fine fragments also form at the 
intersections of different bands and such areas are encircled in Figure 4.26a by number 2 
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and 3’. A magnified view of these areas is shown in Figure 4.27b. It is noticed that the 
orientations of these bands that formed fine fragments of grains possess F {110}<001>, D 
{112}<111> and E {110}<111> orientations of shear texture in majority along with some 
α fibre rolling texture orientations {112}<110>,{116}<110> and {111}<110>. These α 
fibre rolling texture orientations might be the gradients of the original grain orientation 
{112}<110>. Among the other highlighted areas, in area 3’’ some fraction of Goss 
orientation {110}<001> area is generated by at the intersection regions of two sets of 
shear bands. A magnified view of this area is represented in Figure 4.27d. 
The effects in grain boundary maps following symmetric and asymmetric rolling 
are shown in Figure 4.25b and Figure 4.26b. These maps show that the fraction of 
deformation induced boundaries vary in the range of 5˚ to 15˚ and above, This has 
increased significantly in asymmetric rolling over the symmetric rolling. 
Microstructure at 75% thickness reduction per pass shows similarity to the 65% 
for both types of rolling. The microstructure of symmetrically rolled samples is mainly 
consists of {111}<110> and {001}<110> orientations (Fig. 4.28). In comparison with the 
65% thickness reduction in symmetric rolling, the grain aspect ratio is reduced further 
with more elongation. It is observed that in some {001}<110> oriented grains, orientation 
transition takes place towards F {110}<001> (Goss) orientation. It is also noted that the 
{111}<112> orientated grains exhibits prominent long and fine shear bands and 
formation of Goss orientation F {110}<001> when another set of shear bands of  
{111}<110> orientation intersects. These {111}<110>  oriented shear bands are short 
and inclined opposite to the long fine shear bands of Goss orientation {110}<001>. This 
is highlighted in Figure 4.28 by encircling area (1). 
In the case of 75% thickness reduction per pass by asymmetric rolling, the 
microstructure became severely deformed by intensive intersection of shear bands and 
macro shear bands with other local heterogeneities (Fig. 4.29). Some salient features of 
this microstructure are as follows: 
The microstructure consists of very fine elongated deformation bands as 
highlighted by site 1 in Figure 4.29a. Although, the area covered in the IPF map does not 
show severity in every grain despite such applied deformation. However, a few macro 
bands exist across the thickness of these deformed grains. One such area is highlighted in 
the IPF map by number 2 (Figure 4.29a). 
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It is also observed in area (3) that despite of high thickness reduction per pass, 
there are still some sites having low density of sub structures (no shear bands, macro 
bands and deformation bands) but do have an gradual orientation gradient. Similar to the 
65% thickness reduction per pass, Goss orientation F {110}<001> dominates along with 
other prominent shear texture components D {112}<111> and J {110}<112>. 
From the grain boundaries maps in Figure 4.28b and 4.29b, it can be anticipated 
that the fraction of high angle boundaries further increases in the samples rolled to 75% 
thickness reduction per pass in both symmetric and asymmetric rolling. However, the 
fraction of high angle boundaries is higher in asymmetrically rolled sample than the 
symmetrically rolled case. 
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Figure 4.20: (a) IPF map of symmetric rolling (1:1) at 50% thickness reduction per pass 
and (b) Grain boundary map. 
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Figure 4.21: Magnified areas of asymmetric rolling (1:2) at 30% thickness reduction per 
pass (a) area-1 and (b) area-2. 
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Figure 4.22: (a) IPF map of asymmetric rolling (1:1) at 50% thickness reduction per pass 
and (b) Grain boundary map. 
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Figure 4.23: Magnified areas of asymmetric rolling (1:2) at 50% thickness reduction per 
pass (a) area-1 and (b) area-2. 
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Figure 4.24: Magnified areas of asymmetric rolling (1:2) at 50% thickness reduction per 
pass (a) area-3 and (b) area-4. 
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Figure 4.25: (a) IPF map of symmetric rolling (1:1) at 65% thickness reduction per pass 
and (b) Grain boundary map. 
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Figure 4.26: (a) IPF map of asymmetric rolling (1:1) at 65% thickness reduction per pass 
and (b) Grain boundary map. 
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Figure 4.27: Magnified areas of asymmetric rolling (1:2) at 65% thickness reduction per 
pass (a) area-1, (b) area-2, (c) area -3’ and (d) area-3’’. 
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Figure 4.28: (a) IPF map of symmetric rolling (1:1) at 75% thickness reduction per pass 
and (b) Grain boundary map. 
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Figure 4.29: (a) IPF map of asymmetric rolling (1:1) at 75% thickness reduction per pass 
and (b) Grain boundary map. 
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4.4 Discussion 
4.4.1 Approximated equivalent strain and shear strain 
It has been reported in various studies that the linear integration of infinitesimal 
strain tensor components over the whole strain path cannot be performed to estimate 
total equivalent strain when a combination of simple shear with compressive strain 
takes place through the whole thickness of a sheet [19, 81, 133, 162, 163, 165]. Hence, 
the estimation of total equivalent strain in a geometric non-linear process like 
asymmetric rolling cannot be made in the similar way as used for the symmetric rolling. 
Therefore, two alternative methods were suggested in the literature to approximate the 
total effective/equivalent strain than the equivalent von Mises strain in asymmetric 
rolling. The expression for approximated effective/equivalent strain in one method is 
based on the inclination of markings from the inserted pins or on the surface of 
thickness side a sheet while second method is more like a theoretical method [81, 163].  
As such there is not much work carried out so far which can assert the validity 
of these two methods and approximated results from them but they are mostly used in 
the literature of asymmetric rolling. For this reason, in this study, approximated strain 
values are obtained from both the methods and compared.  
A little uncertainty about the reliability of approximated values of effective 
strain from both methods can be anticipated from the assumptions which were made in 
deriving the expressions of strain. In theoretical method, it was assumed that the shear 
distance is the arc length between the point of contact of sheet with a roll and the 
release point which occurs at the minimum distance between the rolls [163]. As per this 
assumption, the positions of contact point and release point of a sheet can be wrongly 
identified when high ratio of roll diameters/speed is applied in rolling. This might lead 
to the under/over estimation of shear strain and effective/equivalent strain etc.  
Similarly, measurement of inclination (apparent shear) angle from the surface 
markings or inserted pins may also mislead to the approximation of shear strain and 
effective strain etc. It is primarily due to the inclination of markings which is sensitive 
to their position along the sheet thickness. The measured inclination angles can be 
higher than their realistic values especially near the surface of a sheet and results in the 
overestimation of shear strain, effective strain etc. The likelihood of overestimation 
becomes higher with increase in the ratio of roll diameters/speeds as the positions of 
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neutral point at the sheet entry side of smaller roll and neutral point of sheet at the exist 
side of larger roll are already shifted more towards the outside of the roll gap. Under 
this, a noticeable high rotation of markings near the surface of sheet does not 
necessarily corresponds to the large effective strain and simple shear state as it occurs 
effectively in symmetric rolling even at small thickness reduction [81, 126]. For this 
reason, all the measurements of inclination were conducted in the mid-thickness zone 
where influence from this kind of uncertainty can be minimised and approximation of 
effective strains and rotation of pin will be more realistic. It is known from symmetric 
rolling studies that the mid thickness zone of a sheet always try to remain in plane 
strain condition so rotation in texture at that position can indirectly reveal about the 
effectiveness of inclination angle and corresponding strain values.  
In terms of results obtained from both methods, it is noticed that the 
effective/equivalent strain are within the range of each other (Fig. 4.14). Although, 
some difference exists in the values from inclination marking and theoretical method at 
roll diameter ratio 1:2. This difference might be due to the high roll asymmetry and the 
curvature of sheet which probably not in favour of the assumption used in theoretical 
method that the centre plane of the sheet remains planar as it passes through the rolls 
[163].  
The difference in trends from these two methods becomes significant when 
approximated values of shear coefficient (relative amount of shear) are plotted (Fig. 
4.16). From theoretical method perspective, the values of shear coefficient shows 
similar deceasing trend as reported by Sidor et al. [133, 162]. In fact, persistence in the 
trend of shear coefficient values can also be observed if the same expression of shear 
coefficient ൫ߝ௫௭ ߝ௫௫ൗ ൯ used by Sidor et al. [133] is applied on the predicted values of 
shear strain and rolling strain in very first publication of theoretical method [163]. 
However, despite having the similarity in trends made here and reported by them, 
uncertainty also raises about the applicability of their way of approximation of shear 
coefficient. It is noted that with increase in thickness reduction per pass and roll 
diameter asymmetry, the values of shear coefficient still show a decreasing trends as 
reported by them in multi- pass rolling (Fig. 4.16). In fact, the trend in approximated 
shear coefficient values obtained here seems to be the replica of their plots with 
extended values on the abscissa if shear coefficient values at small thickness reductions 
per pass would have also approximated and included here in the plots.  
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However, it is reported in FEM based studies that the absolute value of shear 
coefficient should increase in order to have texture rotation towards the ideal shear 
texture [11-13, 131]. Meanwhile, it is also noticed from the measured texture results in 
this study that the rolling texture rotates towards the ideal shear texture with increase in 
roll diameter asymmetry and thickness reduction per pass (Fig. 4.3 and 4.4).  
If it is assumed that both expressions of effective shear strain and rolling strain 
is correct in theoretical method than it indicates that the expression for shear coefficient 
might be wrong as it shows decrease in their absolute values. However, most of the 
literature considers this expression ൫ߝ௫௭ ߝ௫௫ൗ ൯ for shear coefficient which means that 
taking conventional rolling strain as the term ߝ௫௫  in denominator of shear coefficient 
could be the wrong. In such scenario, it also raises uncertainty about the approximation 
of total effective/equivalent strain from this method where same expression of 
conventional rolling strain is used for the term  ߝ௫௫ . 
The possibility of uncertainty about the partitioning of effective shear strain and 
rolling strain in theoretical method seems more convincing as there is no separate 
expression for the rolling strain alone is reported in the methods based on the 
inclination markings. Instead of it, only total effective/equivalent strain in rolling is 
approximated by adding one more term which is a function of measured inclination 
angles along with other rolling parameters [81, 165]. That is why it is noticed in 
literature that an alternative expression for the shear coefficient was derived by Beausir 
et al. while using inclination of markings [138]. The absolute values of approximated 
shear coefficient shows an increasing trend when this method applied here (Fig. 4.16). 
Though, this method can also mislead the approximation shear coefficient because of 
their assumption that the velocity gradient remains constant through the thickness 
[138]. However, for the convincing approximation of shear coefficient from this 
method, multi-pass rolling for the same final thickness reduction need to perform so 
that it can reveal whether inclination of marking method is also independent of 
thickness reduction per pass or not as noticed in theoretical method 
4.4.2 Deformation texture at roll diameter ratios of 1:1 and 1:2 
4.4.2.1 Thickness reduction till 30% in a pass 
The strong affinity of exlc steels to form a symmetric rolling texture can be 
perceived by just having a glance at the ϕ2=45˚ sections of the ODFs for 20% and 30% 
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thickness reductions per pass (Fig. 4.3). Tubes of γ fibre have already been delineated at 
20% thickness reduction with moderate strength of the major rolling texture components. 
However, only (rot. cube) {001}<110> component of α fibre evolves as the primary 
texture component. 
In the case of asymmetric rolling, despite being using roll diameters ratio 1:2 for 
20% thickness reduction, it is noticed that a symmetric rolling texture still prevails. This 
indicates that a shear strain developed at the roll diameter ratio 1:2 is insufficient to 
impose a high tilt/rotation in the rolling texture. With increase in the thickness reduction 
to 30%, the texture components still exhibit similarity to the symmetric rolling texture 
but, slightly tilted from their ideal positions in ODFs. A close examination of the ODFs in 
Figure 4.3 also reveals that the texture components along the γ fibre are converging 
towards the location of TD fibre in the ODFs (in ϕ2=45˚ section at ϕ1= 90˚, 270˚ while ϕ 
varies from 0˚ to 90˚). Along with the tilt in rolling texture, the, texture intensity also 
reduced at the component {001}<110> (rot. cube) of α fibre. 
Such a behaviour of texture components along the α and γ fibres in asymmetric 
rolling can be deduced from the stability and divergence maps of symmetric rolling under 
the influence of shear strain [10]. It has been inferred from stability and divergence maps 
that the imposed shear in rolling tends to move the negative divergence area (which 
describes the stability of a component) towards the positive side (in stabilized area) [10, 
138, 166]. In the case of steel rolling with shear, more positive divergence (instability) 
has been reported along the α fibre and at the Goss component {011}<100> than the γ 
fibre [10, 166]. These reports of convergence and divergence in steel rolling are in 
agreement with our experiments that the texture intensity decreases mainly at the 
component {001}<110> (rot. cube) of the α fibre then the γ fibre even at the small value 
of imposed shear stain in rolling. 
From the quantification of the volume fraction of rolling texture components, it is 
noticed that the volume fraction of almost all components decreased by at least one 
ordered magnitude in asymmetrically rolled sample. This kind of decrease in volume 
fraction can be solely attributed to the imposed shear by the roll asymmetry at the mid 
thickness. As in the absence of shear, it is noticed that the volume fractions of rolling 
texture components strengthened with increase in the thickness reduction per pass for the 
symmetric rolling case.  
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From Figure 4.9b, it is inferred that components {001}<110> (rot. cube) of α fibre 
and f {111}<ͳതͳത2> of the γ fibre still remain as the main texture components in 
asymmetric rolling at both 20% and 30% thickness reductions. The presence of these 
components is in agreement with the prediction made from different models that, at small 
shear values, they have less tendency to rotate around the TD axis as they are the most 
stable orientations in the symmetric rolling [75, 166]. This means that they can retain 
higher textural strength as compared to other principal texture components of symmetric 
rolling. A small volume fraction of shear texture components as compared to the 
symmetric rolling texture components till 30% thickness reduction per pass in Figure 4.9c 
also implies that resultant texture of rolling would be towards the symmetric rolling 
texture.  
The resemblance of the resultant texture of asymmetric rolling to the symmetric 
rolling texture until 30% thickness reduction can also be somewhat understood from the 
apparent shear angle and other parameters derived from equations (4),(5) and (7) [19, 
133, 138]. Having a small thickness reduction per pass, it can be envisaged that the 
imposed apparent shear angle would be small and in turn lead to a less effective shear 
strain and shear coefficient value (Figures 4.12, 4.15 and 4.16). The measured absolute 
value of shear coefficient from these equations till 30% thickness reduction per pass is in 
similar range which was considered in the stability/divergence maps for the asymmetric 
rolling [10]. However, in our experiments, the measured rotation/tilt of rolling texture 
about TD with this shear coefficient value showed a small ~10˚ rotation in the {110} pole 
figure (Fig. 4.4) as compared to their predictions and measured shear texture for the 
similar value of shear coefficient.  
The value of rotation/tilt in the texture and resultant texture at 30% thickness 
reduction in a pass is also similar to the results obtained elsewhere where multi-pass 
asymmetric rolling was carried out till ~88% thickness reduction for the same roll 
diameter ratio and thickness reduction per pass [4]. Although, their texture measurement 
from EBSD represents slightly more tilt of 5˚ and monoclinic symmetry in the resultant 
texture. However, this kind of analogy between single pass and multi pass rolling and 
their texture rotation signifies the importance of thickness reduction per pass in 
asymmetric rolling to impose not only effective shear strain but also on the simultaneous 
effective rigid body rotation. Other studies also supports that the small thickness 
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reductions per pass are unable to introduce significant shear effect in asymmetric rolling 
despite applying a high roll diameter ratio [12, 13]. 
4.4.2.2 Thickness reduction of 50% and above in a pass 
The main distinguishing feature for the symmetric rolling texture at 50% 
thickness reduction is that the texture components of α fibre began to form continuous 
tubes similar as the γ fibre began to form at lower thickness reductions. The presence of 
continuous orientations tube formation in the α fibre are due to the intensity improvement 
in (e) {111}<110> and (i) {112}<110> orientations apart from the (rot. cube) 
{001}<110> component. These texture results are in good agreement with the literature 
of multi-pass symmetric rolling. This kind of similarity in texture formation at single and 
multi-pass suggests that the sequence of thickness reduction has very little effect on 
symmetric rolling texture formation at the mid thickness.  
The effect of applied shear from the roll diameter ratio 1:2 at 50% thickness 
reduction is significant, as compared to the previously applied 30% thickness reduction. 
An important change which separates it out from the corresponding symmetric rolling is 
the almost disappearance of α fibre. The effect of this is also reflected in the volume 
fraction of rolling texture components where the intensity of the (rot. cube) {001}<110> 
component decreases significantly. Although texture component f {111ሽ൏ͳതͳതʹ൐ by 
largely retains its strength. The higher decrease in (rot. cube) {001}<110> volume 
fraction might be due to its rotational relationship about the TD direction with the F 
(Goss) {110}<001> component whereas component f {111ሽ൏ͳതͳതʹ൐ is considered the 
most stable orientation of symmetric rolling even in medium strain range [75, 166]. 
In terms of shear texture development at this level of thickness reduction in 
asymmetric rolled sample then the volume fraction of major shear components became 
more meaningful as compared to 30% thickness reduction (Fig. 4.9c). The volume 
fraction of texture components F {110ሽ൏ͲͲͳ൐ͳ(112ሻሾͳതͳതͳሿ is higher compared to 
the other shear texture components. The presence of these components at the mid 
thickness of the sheet implies that an effective increment in shear strain takes place along 
with the rolling strain. Usually these components are predominantly observed near the 
surface of sheet in symmetric rolling when the shear strain is high due to increased roll 
gap geometry or friction conditions and in processes which are based on the shear [89, 
148, 167]. 
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An emergence of F (Goss) {110}<001> component at the mid thickness can be 
anticipated from the frequent occurrence of shear bands in microstructure as shear bands 
are the sites of nucleation of this component [57, 59, 67, 71, 75]. Apart from the shear 
bands, another source of this component can be the Goss oriented grains itself. Under 
shear strain condition, it is reported that the Goss orientation shows stability whereas in 
plane strain condition it splits up to rotate towards the {001}<110> and {111}<112> 
components [166]. The presence of D1 {112ሽ൏ͳതͳതͳ൐ at this stage of shear strain is 
similar to its occurrence in other shear based processes [148, 150, 152]. As Baczynski et 
al. reported in their experiments and simulation work that the D1 {112}൏ͳതͳതͳ൐
component began to develop at lower shear strain values in a torsion test of IF steel [148]. 
It is also noted from Figure 4.12 that the value of the apparent shear angle 
increases about ~50˚, almost double to the angle measured at 30% thickness reduction per 
pass where it is around ~28˚. The consequence of an increment in apparent shear angle is 
that the increases in the value of approximated shear strain (ߝ௫௭) reaches in the same 
range of the conventional rolling strain is around ~0.7 (Figure 4.15).  
The observation of negligible difference in rolling strain and shear strain also 
suggests that a moderate increment takes place in the value of effective shear strain along 
the rolling strain at this thickness reduction. By taking account of the shear coefficient at 
50% thickness reduction per pass, an approximated value of shear coefficient observed 
around 1.24 in 50% reduction per pass. This measured value of shear coefficient around 
1.24 is comparable to the value considered by Toth et al. in their theoretical and 
experimental work on the rolling texture stability analysis where shear strain was 
imposed in the symmetric rolling [10]. From their prediction it was suggested that 
symmetric rolling texture diminishes when the shear coefficient value is equal to 1 or 
above imposed in symmetric rolling. Although in their experimental work, it was 
considered that the shear coefficient value of around 1 accumulated in whole multi-pass 
rolling schedule than the single pass. In addition to multi-pass schedule, one roll was kept 
idle in their rolling schedule and the reduction per pass varied each time while sheet was 
rolled up to a total thickness reduction of ~66.07%. 
For increased thickness reduction per pass in the range of 65% to 75% at the roll 
diameter ratio 1:2, it is observed that the rolling texture disappears completely and 
replaced by a close to the ideal shear texture. Observation of the quantified volume 
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fraction of shear texture components in Figure 4.9c reveals that the component F 
(110)[001] emerges as the main texture component along with the other prominent D 
{112}<ͳതͳത1> and J {110}<ͳതͳ2> components. The occurrence of these components as the 
main shear texture components is also similar to the reports on torsion test of IF steel at 
room temperature [148]. 
From the volume fraction at 65% and 75% reduction per pass, it is noted that the 
fraction of shear texture components are higher for the 65% as compare to the 75% 
thickness reduction per pass. A decrease in volume fraction at 75% thickness reduction 
per pass is probably due to the effective increase in rolling strain as compared to the 
value of shear strain. Although the tilt/rotation measured in {110} pole figure is higher 
and more symmetric to the TD at 75% thickness reduction per pass than the 65%. The 
symmetric position in the pole figure at 75% thickness reduction also reflects in uniform 
shear texture formation through the thickness of the sheet (Fig. 4.4). This suggests that at 
higher thickness reduction per pass, the possibility of effective rigid body rotation is also 
high which can directly corresponds to high texture rotation despite having lower value of 
approximated shear strain.  
In regards to the rolling texture components in asymmetrically rolled sample, the 
volume fraction of almost all the components including component f2 (111)[ͳതͳത2] were 
quite weak compared to the 50% thickness reduction for both the 65% and 75% thickness 
reduction. However, component (rot. cube) {110}<001> retained its volume fraction at 
the similar level as in the 50% thickness reduction. The very small volume fractions of 
rolling texture components and a high volume fraction of shear texture components 
suggests that there might be increased activities of shear bands, local heterogeneities etc. 
in the microstructure of asymmetric rolling. 
The main difference of shear texture generated here with a torsion based texture is 
the less dominance of component D2 (112)[11ͳത] which is one of the major component of 
shear texture evolved in the torsion test [148]. From the examination of ODFs in Figure 
4.3, it can be seen that the texture intensity at D2 is less than the D1 and it has also not 
reached its ideal position whereas D1 is already in its ideal position. Such a difference 
could be due to the way of imposing shear strain in both processes. 
A significant change in rolling texture from the applied roll diameter ratio and 
thickness reduction per pass can also be comprehend from the values of shear coefficient 
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measure from the inclination of pins. From Figure 4.16, it is noted that the shear 
coefficient derived from equation (7) shows a rise in its absolute values which reaches 
around ~2.7 at 65% and ~2.9 at 75% thickness reduction per pass respectively. These are 
the values which Toth et al. considered as the boundary conditions for the formation of 
simple shear texture [10]. In their texture stability analysis, a shear coefficient value 
greater than 2 was regarded as a simple shear type deformation.  
Similar to the 50 % reduction per pass, the difference in effective rolling strain 
and shear strain is also less and their values are around 1 at 65% and 75% thickness 
reductions per pass. It is also apparent in Figure 4.15 that the difference slightly increased 
as thickness reduction per pass is around the 65% and above compared to the 50% 
thickness reduction per pass. Such an increment in the difference could be due to the 
saturation in imposed shear by the combined effect of roll diameter ratio and thickness 
reduction per pass. Although, difference in the values of rolling strain and shear strain is 
still small at the roll diameter ratio 1:2 as compared to the other roll diameters ratio at 
these level thickness reductions.  
From these results, it can also be interpreted that the value of applied shear strain 
increases continuously with increase in thickness reduction per pass. However, beyond a 
certain thickness reduction per pass only a small increment takes place i.e. a sign of 
saturation in applied shear strain. This could be the reason for the inferior volume fraction 
of shear texture components at 75% thickness reduction than the 65% thickness reduction 
in a pass. Reports on thin sheets of HCP and FCC metals, which were rolled with high 
speed ratio and thickness reductions in the same range also highlights increased high 
shear strain in such condition of rolling [21, 128, 135]. However, the observations and 
conditions in which rolling texture transit to form the shear texture are lacking in these 
reports. 
4.4.3 Effect of roll diameter ratios between 1:1 and 1:2 on texture 
The role of differential roll diameter ratios can be deduced from the approximated 
rolling strain, shear strain and the apparent shear angle, while keeping same thickness 
reduction per pass. It is apparent from Figure 4.15 that the shear strain has a smaller value 
as compare to the rolling strain with varying roll diameters ratio in between 1:1.3 and 1:2 
for a given 50% thickness reduction per pass. This difference in the values of rolling 
strain and shear strain become smaller as the roll diameter ratio increases to 1:2. 
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The significance of having a high roll diameters ratio for increased shear effect 
and its through thickness homogeneity can also be comprehend from Figures 4.12 and 
4.13, where variation in apparent shear angle is less at the roll diameters ratio 1:1.6 and 
1:2. One directional inclination with a small difference in values of apparent shear angle 
through the thickness begins to form when roll diameter ratio 1:1.6 or above is applied 
(Fig. 4.13).  
From these results, it can be anticipated that the high roll diameter ratio is also a 
requirement to have through thickness shear effect. This can also be realized from the 
Figure 4.6 that, despite imposing around ~75% thickness reduction per pass, the resultant 
texture is more close to the symmetric rolling texture than the shear texture, at roll 
diameters ratio 1:1.3. Observation made at roll diameters ratio 1:1.6, are more towards 
the shear type texture but utmost resemblance to shear texture can only be seen at 1:2. 
These results also in par with the literature, where importance was given to the high roll 
diameters ratio or speed ratio of 1:1.5 or above to achieve a through thickness shear effect 
[11, 142, 143]. 
4.4.4 Deformed microstructure 
In accord with the literature of multi-pass symmetric rolling, microstructure at 
30% thickness reduction in a pass is consist of lamellar and smooth microbands based on 
their grain orientations in case of symmetric rolled sheet [57]. Meanwhile, with the roll 
diameter ratio 1:2 , in some of the grains, disregard to their orientation, misorientation 
increases up to the 15˚ or above in microbands and orientation splitting also become 
evident as highlighted in Figure 4.18a and Figure 4.19b. Inclination of most of these 
orientations splitting and tilt/rotation in grains with the rolling direction indicates the 
effect of imposed shear strain in terms of roll diameter asymmetry and thickness 
reduction. 
An essence of typical multi-pass symmetric rolled microstructure is still 
maintained in symmetric rolling despite increased thickness reduction up to the 50%. 
Similar to the literature, grain were elongated with few fine discrete fragmentations along 
the microbands and the occurrence of shear bands were observed mainly in grain matrices 
which possess orientations of {112}-{110}<110> [57]. Although, it was expected that 
more shear bands and grain fragmentations to occur at the 50% thickness reduction per 
pass. The occurrence of less orientation splitting and mainly the elongation of grains 
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could be due to the prevalence of plane strain compression condition at the mid thickness 
which remains identical despite the increased reduction per pass and applied roll gap 
geometry [89]. 
On the other hand, a distinctive microstructure evolves with the high fraction of 
shear bands and deformation bands due to orientation splitting in asymmetrically rolled 
sample. Occurrence of these bands also ease the accommodation of deformation in grains 
as they require less number of active slip systems [168, 169]. The presence of more sites 
of shear bands in asymmetric rolling also convince an increase in Goss {110}<100> 
orientation which is one of the dominant component of shear texture [148, 152]. 
Influence of applied shear at this level of thickness reduction can be gauged from the 
segmented areas from deformation bands where in most of cases these segmented areas 
possess shear type texture in grain matrices which supposed to retain rolling texture. In 
fact, grain matrices that possess orientations with low Taylor factor such as orientations 
{001}<110> and {112}<110> has also segmented by the deformation bands [170, 171]. 
These segments of low Taylor factor grains and their deformation bands also form the 
orientation of shear texture (Figure 4.22a, grains highlighted by number 2, 4 and 5).  
Formation of such an orientation splitting and grain fragments in asymmetric 
rolling can also be understood from the effective/equivalent strain and strain rate induced 
by the increased thickness reduction per pass. Form Figure 4.14 and 4.17, it is perceived 
that at 50% thickness reduction with roll diameter ratio 1:2, equivalent strain increases up 
to 60% and strain rate became almost double as compared to the symmetric rolling. Such 
an increment in equivalent strain and strain rate just by changing the roll diameters ratio 
is likely to be the cause of non-linear metal flow and their localization which results in 
the form of grain fragmentation and orientation splitting. These results are in good 
agreements with other studies where high roll gap geometry applied in symmetric rolling 
to examine the combined effect of shear and rolling strain in microstructure near the 
surface of the sheet [89]. 
At 65% and 75% thickness reduction per pass, it is noticed that the microstructure 
significantly affected in the asymmetrical rolling than the symmetric rolling (Fig. 4.26a, 
4.29a). These parameters of asymmetric rolling also implies that the combined effect of 
effective shear strain along with rolling strain leads to the severe plastic deformation of  
microstructure. Under such condition, microstructure is going to be the heterogeneous 
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due to the increase in flow localization and its dependence on grain orientations. From 
this, a high fraction of high angle grain boundaries (HAGB) formation can also be 
expected [21, 56, 168]. It became evident from the quantification of grain boundaries that 
the fraction of HAGB increased significantly in asymmetric rolling as compared to the 
symmetric rolling (Figure 4.30). The fraction of HAGB increased approximately 2.5 
times of symmetric rolling in asymmetric rolled sheet at 75% thickness reduction per 
pass. Such a difference in the fraction of HAGB also confirms that the most of grains 
which just get elongated in symmetric rolling also fragments while they elongate in 
asymmetric rolling at higher thickness reduction in a pass. 
 
Figure 4.30: effect of roll diameter ratio and thickness reduction in a pass on fractions of 
grain boundaries. 
In order to accommodate such a high strain in a pass, macro shearing of grains 
also activates in addition to the shear bands and deformation bands (Fig.4.26a, 4.29a). 
These macro shear bands are usually superimposed on the other types of bands to create 
more intersections and fragments in a grain (Figure 4.26a, highlighted by number 1 and 
2). In most of their occurrence, formed fragments exhibits orientations that belong to 
shear texture. From the examination of highlighted area 1, 2, 3’ and 3’’in Figure 4.26a, it 
can be easily anticipated that why the volume fraction of {110}<001>, {112}<111> and 
{112}<110> components increased at this stage. At most of intersection sites of these 
bands and along them, the fine fragments of these orientations are developed in majority 
(Figure 4.27). 
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However, some grains in asymmetric rolled microstructure still remain with small 
misorientation angle distributions and very less fraction of various types of bands. 
Although, number of such sites are less at 75% thickness reduction per pass as compared 
to the 65%. This kind of small misorientation build up and less fraction of fragments in 
some of grains despite the 75% thickness reduction at roll diameter ratio 1:2 indicates a 
strong orientation dependence of grain subdivision in rolling [172, 173]. 
The severity of deformation at 65% and above thickness reductions per pass can 
also be inferred from the value of apparent share angles which reaches in the range of 80˚ 
as compared to the symmetric rolling in similar conditions. Such a high value of apparent 
shear angles in a pass imparts high shear strain along with rolling strain and ultimately 
high equivalent strain in the range of 1.6 to 1.8. A comparison with other shear based 
processes in this range of equivalent strain also confirms the formation of such a high 
fraction of HAGB in asymmetric rolling [21, 168, 174].  
4.5 Conclusions 
A systematic study of asymmetric rolling was carried out to optimise shear texture 
in asymmetric rolling and results were compared with the symmetric rolling in similar 
conditions. Following interesting points can be concluded from the experiments carried 
out in this chapter: 
1) Symmetric rolling has a strong tendency to from rolling texture at the mid thickness 
of a sheet despite being imposed with higher reduction in a pass. Such a strong 
rolling texture affinity is less affected by the small roll diameter ratio. 
2) Shear texture at mid thickness can be generated in rolling with the aid of higher roll 
diameters ratio. However, it is mandatory to couple the higher roll diameters ratio 
with the higher thickness reduction in a pass to achieve more resemblance to the 
shear texture. 
3) It can be said from roll diameters ratio and thickness per pass used here that the 
shear strain become effective as the ratio increases 1:1.6 or above. Roll diameters 
ratio 1:2 is also not effective to impose effective shear strain till 30% reduction in 
thickness.  
4) The approximated strain values from the alternative methods are independent of 
number of pass applied to achieve similar final thickness reduction in rolling. It 
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raises uncertainty about the effective approximation of strain values and their own 
reliability. 
5) Rolling with 50% thickness reduction in a pass and roll diameters ratio 1:2 
represents the transition condition of the rolling texture towards the shear texture.  
6) Similar to other shear type processes, from 50% thickness reduction onwards 
texture is more dominant by F, D and J type shear texture components. Higher 
texture strength is attained in F (110)[001] (Goss) component and less strength in 
D2 as compared to the D1 component is observed here. 
7) Effect of higher thickness reduction in a pass with higher roll diameters ratio affects 
the microstructure severely. Material flow localization in asymmetric rolling thrust 
the orientation splitting and deformation bands formation and thus become the main 
factors to form shear texture apart from the shear bands. 
8) Despite using 75% thickness reduction, some less deformed areas still remain in the 
asymmetric rolling which reflects that the grain subdivision is strongly dependent 
on their orientations. 
9) A higher fraction of HAGB can be achieved in asymmetric rolling provided that 
higher roll diameters ratio with higher thickness reduction should be applied during 
the rolling schedules. 
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Chapter 5  
Texture and microstructure evolution in multi-pass rolling 
5.1 Introduction 
In general, rolling schedules are performed in multi-passes to achieve the desired 
total reduction in thickness. A higher thickness reduction per pass or large roll gap 
geometry yields inhomogeneity in the microstructure and texture of the symmetric rolled 
sheet. However, in case of asymmetric rolling, higher thickness reduction per pass 
imparts more homogeneity in the microstructure and especially in texture when the shear 
effect is the main concern. In Chapter-4, it was observed that the asymmetric rolling with 
a roll diameter ratio of 1:2 and thickness reduction per pass 65% or above imparts nearly 
ideal shear texture at the mid thickness. It was also observed that in extra low carbon 
(exlc) steel, such high thickness reduction in a pass renders through thickness 
homogeneity in shear texture. 
However, such high thickness reductions per pass cannot be applied in the metal 
processing. In order to replace the single pass rolling with multi-pass rolling, an 
experimental study was carried out with multi-pass monotonic (unidirectional) and also 
by incorporating strain path change in asymmetric rolling schedules. There is a lack of 
information and experimental data in the literature (Chapter-2) on the strain path change 
in asymmetric rolling especially with increasing shear effect. Attention was also given to 
the microstructural and textural behaviour of other two grades of low carbon steels once a 
through thickness shear texture was observed in the multi-pass asymmetric rolling of the 
exlc steel. 
5.2 Materials and methodology 
Most of experiments in this study were carried out with the exlc steel. Other two 
grades of low carbon steel, Interstitial free steel (IF steel) and 0.2% carbon steel (0.2C 
steel) were rolled, once the desired shear texture was achieved at the mid thickness of 
exlc steel sheet. These steels were hot rolled around 1000°C to reduce the thickness of 
slabs from 27mm initial thickness. After hot rolling, the sheets were kept for an hour on 
the same temperature for heat treatment. This heat treatment was given to facilitate the 
homogenization of microstructure and weakening of the initial texture. The sheets were 
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air cooled after the heat treatment and later these sheets were milled down to 8 mm and 
5mm thickness. The sheets with 5mm initial thickness were used for the monotonic and 
strain path change studies in medium strain rolling. Meanwhile, the sheets with 8mm 
initial thickness were used for high strain regime rolling of exlc steel and IF steel. In the 
case of 0.2Csteel, the initial thickness was kept 5mm due to its high strength. Another 
reason for the selection of 8mm and 5mm thickness was to incorporate the roll gap 
geometry effects that are corresponding to these two initial thicknesses. 
A roll diameter ratio 1:2 was opted along with the symmetric rolling (1:1). Two 
final thickness reductions were conducted. Primarily, multi-pass strain path change and 
monotonic rolling were scheduled for a total of 75% reduction in thickness (medium 
strain rolling). Later, monotonic rolling was extended to a total of 89% thickness 
reduction (high strain rolling). Sheets were wedged at the front end to make ease in the 
roll bite during the rolling schedules. No lubrication was applied during rolling to study 
the shear strain and maintain consistency with the literature on asymmetric rolling  
5.3 Results 
5.3.1 Initial microstructure and texture 
After the initial heat treatment and air cooling, the microstructure of all three 
grades was consisted of round and polygonal faceted ferrite grains (Fig. 5.1). Along 
with the ferrite grains in the exlc steel, a few pearlite colonies are observed at the grain 
boundaries whereas no such colonies were observed in the IF steel. In the case of the 
0.2C steel, a high fraction of pearlite colonies was found. By using the linear intercept 
method on a number of optical metallographic images taken at different position along 
the sheet thickness, the average grain size of IF steel, exlc steel and 0.2C steel were 
measured on average 131.0μm, 36.0μm and 17.3μm, respectively.  
Both recalculated x-ray pole figures {110} and the ߮ଶ ൌ Ͷͷι section of ODFs 
depict weak texture after the initial heat treatment (Fig. 5.2). The ߮ଶ ൌ Ͷͷι section of 
ODFs in the IF steel displayed a segregated high intensity along the γ-fibre whereas γ-
fibres intensity in the exlc and 0.2C steel are low. Such high texture intensity, though 
segregated here, along the γ-fibre also represents the natural tendency of IF steel to form 
γ-fibre. 
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Figure 5.1: Initial microstructure of (a) exlc steel, (b) IF steel and (c) 0.2C steel. 
 
Figure 5.2: {110} pole figure and ϕ2=45˚ section of ODFs after an initial heat treatment of (a) exlc steel, (b) IF steel and (c) 0.2C steel. 
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5.3.2 Texture evolution at medium strain multi-pass rolling 
5.3.2.1 Monotonic (unidirectional) multi-pass rolling 
 
The contribution of imposed shear was examined in the case of multi-pass rolling 
as compared to the single pass rolling. In order to do that, the final thickness reduction 
was kept at the same level of 75% in the multi-pass rolled sheets while the thickness 
reduction per pass varied from 10% to 50 %. From the ߮ଶ ൌ Ͷͷι sections of ODFs, it is 
noticed that in spite of using high roll diameters ratio 1:2, the texture remains identical to 
the typical fibre texture (Fig. 5.3a). 
The volume fraction plot shows that a decrease in rolling texture occurs with 
increase in reduction per pass in multi-pass asymmetric rolling (Fig. 5.4). Figure 5.4 
shows that the prominent rolling texture components are stable with the reasonable level 
of volume fractions until 30% multi-pass asymmetric rolling. Similar to the symmetric 
rolling, rotated cube {001}<110> and f2 (111)[ͳതͳത2] texture component of γ fibre are the 
major texture components until the rolling with 30% reduction per pass (Fig. 5.4).  
After multi-pass with 30%, the volume fraction of rolling texture components 
significantly decreases and the volume fraction of shear texture components strengthens 
(Fig. 5.5). Prominent rolling texture components including rotated cube {001}<110> and  
f2 (111)[ͳതͳത2] component also becomes very weak. Here in shear texture components, the 
D1 (112)[ͳതͳത1] and F (Goss) (110)[001] components dominate once multi-pass roiling 
scheduled with 50% thickness reduction.   
The volume fraction of F (Goss) (110)[001] component remains lower than D1 
(112)[ͳതͳത1] component until 30% thickness reduction per pass in multi-pass rolling. It 
became in par or above with the volume fraction of D1 (112)[ͳതͳത1] component when 50% 
or above thickness reduction per pass is used in multi-pass asymmetric rolling. The 
texture component D2 (112)[11ͳത] remains lower in all the cases of multi-pass asymmetric 
rolling. An overall result of multi-pass asymmetric rolling indicates that the rolling 
texture components which belong to γ fibre remain stronger than texture components of α 
fibre and shear texture components in all cases.  
5.3.2.2 Strain path change in multi-pass asymmetric rolling 
Three types of sheet rotation were employed in multi-pass asymmetric rolling 
with 30% and 50% reduction per pass. Strain path change in multi-pass rolling with 10% 
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reduction was not under taken after observing a consistency in rolling texture despite 
imposing roll asymmetry1:2 in rolling (Fig. 5.3a). Each time the sheets were rotated by 
180° from their previous pass about the RD, TD and ND directions per the literature 
review (Chapter-2, section 2.10.2.3) and schematic figure in Chapter-3, section 3.3. 
Figure 5.3b shows the ߮ଶ ൌ Ͷͷι sections of ODFs of the strain path change 
rolling schedule. From the progression of shear (180˚ rotation about TD) point of view, it 
seems that 30% reduction per pass is insufficient to strengthen the shear effect (Fig. 
5.3b). However, increasing thickness reduction per pass to the 50% indicates 
strengthening in shear texture (Fig. 5.3b). Regarding the reverse shear, rotation about the 
ND is more effective to nullify the shear effect than the rotation about the RD, at both 
thickness reductions per pass (Fig. 5.3b). In fact it can be observed that ND rotation has 
more uniformity in texture intensity along the γ fibre. However, it should be noted that 
the intensities of γ-fibre texture components in the ND rotated sample are still less as 
compared to the symmetric rolling. 
The variation in RD and TD fibres were plotted at both 30% and 50% reduction 
per pass for the asymmetrically rolled samples in Figure 5.6 (a, b) and Figure 5.7 (a, b). 
With the increase in reduction per pass, it can be noticed that intensity of RD fibre 
reduces further and become flatter in strain path change schedules as compared to the 
monotonic symmetric and asymmetric rolling (Fig. 5.6a and Fig. 5.7a). RD fibre also 
shows the intensity levels that are low in the vicinity of ϕ=0° for both 30% and 50% 
reduction multi-pass rolling. In TD fibre, the reverse shear strain denotes a bit flatter and 
broader fibre in the middle range of ϕ values whereas progression of shear strain (rotation 
about the TD direction) points toward a more spikey nature (Fig. 5.6b and Fig. 5.7b). It is 
also noticeable that the effective cancellation of shear strain affects the variation of 
texture intensities in the vicinity of ϕ=90° (Fig. 5.6b and Fig. 5.7b). 
A comparison between the volume fractions of rolling and shear texture 
components is also made for the strain path change. Figure 5.8a and Figure 5.9a denotes 
that strain path change also has f2 (111)[ͳതͳത2] component of the γ fibre as one of the 
major rolling texture component along with the rotated cube {001}<110> component of α 
fibre. In case of shear texture, it can be observed that J1 (110)[ͳത12] and J2 (110)[1ͳത2] 
strengthen rather than D1 (112)[ͳതͳത1] with progression of shear by TD 180° rotation as 
compared to the D1 (112)[ͳതͳത1] component which strengthen in both single pass and 
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multi-pass monotonic asymmetric rolling (Fig. 5.8b and Fig. 5.9b). Meanwhile with the 
reverse shear, both these components exhibit reverse trends which means that D1 
(112)[ͳതͳത1] and F (110)[001] have more reasonable intensity than J1 (110)[ͳത12] and J2 
(110)[1ͳത2] components (Fig. 5.8b and Fig. 5.9b). 
5.3.3 Microstructural observation at medium strain multi-pass rolling 
5.3.3.1 Monotonic (unidirectional) multi-pass rolling 
In multi-pass rolling with 10% reduction per pass, both the symmetric and 
asymmetric rolled microstructures are essentially similar (Figure 5.10). Similar to the 
symmetric rolling (Fig. 5.10a), it can be seen in the IPF map that the main constituents of 
grain matrices orientation in asymmetric rolling belongs to the rolling texture orientations 
(i) {112}<110> and rotated cube {001}<110> of α fibre with a common orientation I 
{111}<110> between α and γ fibre (Fig. 5.10b). Although, some grain matrices also 
shows the (f) {111}<112> orientation along with above mentioned orientations in the 
scanned IPF maps. 
However, it is noted in asymmetrically rolled sample that the occurrence of fine 
sub-grain/grain formation along the shear bands is slightly higher. An area of such sites is 
highlighted in IPF maps of both symmetric and asymmetric rolling by number (1) 
(Fig.5.10). A magnified view of such highlighted area (1) of asymmetric rolling can be 
seen in Figure 5.11. It reveals that, the shear bands in the highlighted area are formed in I 
{111}<110> oriented grain matrix. Some also formed in the grains which having an 
orientation gradient of {112}<110> and {110}<123>.  
The IPF map of asymmetric rolling also depicts that there are a few initializations 
of deformation bands in the rotated cube {001}<110> orientated (α fibre) grain, which 
usually have smooth and cloudy type of microstructure. These deformation bands exhibit 
a tendency towards the orientation D {112}<111> in a grain matrix that possesses rotated 
cube {001}<110> orientation in the majority. Such an area is highlighted by number (2) 
in Figure 5.10b and magnified in Figure 5.11. The occurrence of such deformation bands 
in orientation {001}<110> or other orientations, which manifested later in this section, 
becomes more frequent in multi-pass asymmetric rolling with higher reduction per pass.  
Microstructure development at 30% reduction per pass can be seen in the IPF 
maps in Figure 5.12 (a, b). It is noted that, more grains appear with shear banding in 
asymmetrically rolled samples than the symmetrically rolling. In addition, few grains 
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which possess shear bands also have the simultaneous presence of deformation bands and 
their intersections in asymmetric rolling. Such an area of grain matrices in asymmetric 
rolling are severely deformed, by the intersections of shear bands with deformation bands 
or another set of shear bands (Fig. 5.12b). As a result, sub-grains/grains are forming 
along with fine segments of grain matrix orientation. An area of such site is highlighted 
in the IPF map in Figure 5.12b (in an ellipse) and a magnified view of this area is 
presented in Figure 5.13. Here, upper part of the grain matrix has an orientation gradient 
between the orientations {111}<110> and {111}<112> whereas the lower part of this 
grain has segments of {111}<110> orientation. Meanwhile sub-grains/grains are rotated 
towards the {001}<110>, {112}<111> and {110}<112> orientations. 
After the 10% and 30% rolling reductions, multi-pass rolling was carried out with 
50% reduction per pass which effectively consists of 2 passes of rolling to achieve the 
final 75% thickness reduction. IPF maps of symmetric and asymmetric rolling are shown 
in Figure 5.14 (a, b). The microstructure contains more heterogeneity in the asymmetric 
rolled sample. In comparison to the multi-pass rolling with 10% and 30% thickness 
reduction per pass, the frequencies of these sites are higher here in multi-pass rolling with 
the 50% thickness reduction. Grain elongation and grain aspect ratio are also higher in the 
asymmetric rolling than the symmetric rolling. 
It is observed that the main constituent of orientations in symmetric rolling are 
similar to the earlier rolling schedules whereas in asymmetric rolling with 50% thickness 
reduction, sites of F (Goss) {110}<001> orientation are frequent. Such orientation forms 
in the shear bands. Apart from these shear bands, most of grains contain deformation 
bands. These deformation bands are outcome of the orientation gradient and orientation 
splitting. An area of such deformation bands is highlighted in the IPF map of asymmetric 
rolling by number (1). These bands subdivide the grain matrices with misorientation ≥ 
15˚. 
However, in grains with {001}<110> orientation, the misorientation is resulted 
from the deformation bands and their  fragments lies around ≤ 10˚. These fragments show 
tendency to rotate towards the D {112}<111> orientation. An example is highlighted by 
number (2) in the IPF map (Fig. 5.14b). These deformation bands are similar to that 
previously observed with 10% and 30% rolling reductions. In those rolling schedules, 
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The occurrence of these features at D {112}<111> orientation were frequent, especially 
in grains of rotated cube {001}<110> orientation. 
5.3.3.2 Strain path change in multi-pass rolling 
From Figure 5.15a, it can be noticed that microstructure at 30% rolling reduction 
in progressive shear mode (rotation about the TD direction) is still similar to the 
monotonic mode of asymmetric rolling (section 5.3.3.1). However, a macroscopic change 
in occurrence of shear bands and deformation bands is observed in the reverse mode of 
shear about both RD and ND directions (Fig. 5.15b, c). A quite contrast in microstructure 
is visible at strain path change about the ND direction which shows more similarity to the 
symmetric rolling texture and microstructure at a similar reduction in thickness. Figure 
5.15 (a, b and c) depicts that the majority of elongated grains have orientation spread 
around (e-i) {111}-{112}<110> and rotated cube {001}<110> in the sample rolled with 
rotation about the ND direction as compared to the other two types of rotations. It can 
also be seen in IPF maps (Fig.5.15a and b) with the rotation about TD and RD direction 
represents more orientation inhomogeneity than the rotation about the ND direction. 
A characteristic change in microstructure is observed for strain path change that 
was applied in 50% thickness reduction per pass. Similar to the monotonic asymmetric 
rolling, rotation about the TD leads to more shear bands and deformation bands formation 
from the orientation splitting (Figure 5.16a). Meanwhile, trends of their occurrence are 
different in reverse mode of shear. Figure 5.16 (b, c) represents that the reorientation 
towards the rolling texture is higher in strain path change about the ND direction as 
compared with rotation about the RD direction. Similar to the symmetric and asymmetric 
rolling with ND rotation at 30% thickness reduction per pass, it is noticed that the 
majority of grain matrices possess orientations around {111}<110> and {001}<110> in 
the ND rotation (Fig. 5.16c). While comparing all three IPF maps (Fig. 5.16), it is also 
become discernible that the affinity towards these orientations is higher in rotation about 
the ND direction than the other two type of rotations in the rolling schedules. 
5.3.3.3 Quantitative results from microstructures in multi-pass rolling 
In order to comprehend a bit more about the microstructural changes in multi-pass 
symmetric/asymmetric rolling, EBSD scanned maps were further analysed quantitatively. 
This kind of analysis incorporates the fractions of grain boundaries, misorientation 
distributions and sub-grain/grain size distributions etc. 
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From Figure 5.17, it is observed that a gradual change in the fractions of grain 
boundaries occur with increase in thickness reduction per pass in multi-pass rolling. 
Despite being rolled with the roll diameters ratio 1:2, the overall fractions of grain 
boundaries remain almost similar in both types of rolling with the 10% reduction per 
pass. However, a reasonable variation in the fraction of HAGB occurs with 30% 
thickness reduction per pass onwards in multi-pass asymmetric rolling. It is interesting to 
note that the fraction of HAGB remains almost similar for any given thickness reduction 
per pass in a multi-pass symmetric rolling. Here, Figure 5.17 shows that the fraction of 
LAGB (< 5˚) is decreasing with the increase in the fraction of HAGB (≥ 15˚) in case of 
asymmetric rolled sample. Meanwhile multi-pass symmetric rolling also shows the 
similar tendency i.e. a decrease in the fraction of LAGB (<5˚) but an increment in the 
fraction of another type of LAGB (5˚>boundaries<15˚) instead of the HAGB (≥15˚). 
The effect of roll asymmetry in multi-pass rolling on misorientation distribution is 
plotted between pixel to pixel and next neighbour misorientation distribution (NNMD) in 
Figure 5.18 and 5.19. It became noticeable that, with increase in reduction per pass, the 
pixel to pixel misorientation increases at the lower misorientation angle regime in 
symmetric rolling, especially in between 5˚ and 10˚. However, a decrease in pixel to pixel 
misorientation can be observed in asymmetric rolled samples after 30% thickness 
reduction per pass onwards. Similarly, in next neighbour misorientation distribution 
(NNMD), it is observed that both types of rolling have a single peak type misorientation 
distribution in the lower misorientation regime. Asymmetric rolling shows a small 
advantage, that is found in these NNMD plots as compare with symmetric rolling. 
Similar to the misorientation distribution, the effect of reduction per pass in multi-
pass rolling can be seen in sub-grain/grain size distribution (Figure 5.20). It is noted that, 
the distribution of grains is more uniform in both types of rolling at small thickness 
reduction per pass as compared to the high thickness reduction per pass. With increase in 
reduction per pass, symmetric rolling shows increments in the fraction of smaller grain 
formation. Though, a high fraction of large grains can also be observed in Figure 5.20a. 
This kind of distribution shows a resemblance to the two peak type of grain size 
distribution. Meanwhile in asymmetric rolling the whole grain size distribution shifts 
towards a smaller grain size with an increased fraction of them as well (Fig. 5.20b). The 
presence of larger grains or their elongated bands is also suppressed as the thickness 
reduction per pass increased in the asymmetric rolled samples. 
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From Figure 5.21a and b, it can be observed that the fraction of HAGB increased 
when strain path change applied in asymmetric rolling as compared to its monotonic 
mode with same thickness reductions per pass. However, it is also to be noted that, with a 
change in strain path, the fraction of HAGB remains similar in all three types of rotations 
following 30% and 50% thickness reductions in a pass. 
Similar to the monotonic asymmetric rolling, strain path change shows less effect 
in pixel to pixel and NNMD misorientation distribution (Fig. 5.22 (a, b) and Fig. 5.23 
(a,b)). Only a small decrease in the fraction of lower misorientation angle regime can be 
seen as compare with the monotonic asymmetric rolling. However, an observation of 
grain size distributions at both 30% and 50% thickness reduction shows the effectiveness 
of strain path change by increased fraction of small grains and reduction in fraction of 
larger grains (Fig. 5.24a and b).  
Within strain path change, it can be noted that the progression of shear (180˚ 
rotation about the TD) further enhances the fraction of sub-grain/smaller grain formation 
as compared to the monotonic asymmetric rolling at both 30% and 50% thickness 
reduction. Meanwhile, the trend of grain size distributions is different when reverse shear 
was applied during rolling by 180˚ rotation about the ND and RD directions. It can be 
seen in Figure 5.24a and b that a decrease in the fraction of small grain size distribution 
occurs after the rolling following ND rotation whereas an increase in this fraction with 
improved distribution is found after the RD rotation.  
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Figure 5.3: ϕ2 = 45˚ sections of ODFs for multi-pass rolling with (a) monotonic mode while varying thickness reduction per pass from 10% 
to 50% and (b) strain path change at 30% and 50% reduction per pass. 
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Figure 5.4: Volume fractions of rolling texture components in multi-pass asymmetric 
rolling with varying thickness reduction per pass from 10% to 75%. 
 
Figure 5.5: Volume fractions of shear texture components in multi-pass asymmetric 
rolling with varying thickness reduction per pass from 10% to 75%. 
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Figure 5.6: (a) RD fibre and (b) TD fibre representation for monotonic 
asymmetric/symmetric and strain path change in multi-pass asymmetric rolling with 30% 
thickness reduction per pass 
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Figure 5.7: (a) RD fibre and (b) TD fibre representation for monotonic 
asymmetric/symmetric and strain path change in multi-pass asymmetric rolling with 50% 
thickness reduction per pass. 
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Figure 5.8: Volume fractions of (a) rolling texture components (b) shear texture 
components in multi-pass asymmetric rolling with strain path change at 30% reduction 
per pass. 
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Figure 5.9: Volume fractions of (a) rolling texture components (b) shear texture 
components in multi-pass asymmetric rolling with strain path change at 50% reduction 
per pass. 
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Figure 5.10: IPF maps of multi-pass (a) symmetric rolling and (b) asymmetric rolling 
with 10% thickness reduction per pass. 
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Figure 5.11: Magnified view of a highlighted area (1) and area (2) in Figure 5.10b. 
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Figure 5.12: IPF maps of multi-pass (a) symmetric rolling and (b) asymmetric rolling 
with 30% thickness reduction per pass. 
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Figure 5.13: Magnified view of a highlighted area in Figure 5.12b. 
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Figure 5.14: IPF maps of multi-pass (a) symmetric rolling (b) asymmetric rolling with 
50% thickness reduction per pass. 
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Figure 5.15: IPF maps of multi-pass asymmetric rolling with strain path change at 30% thickness reduction per pass (a) 180˚ rotation along 
TD (b) 180˚ rotation along RD and (c) 180˚ rotation along ND. 
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Figure 5.16: IPF maps of multi-pass asymmetric rolling with strain path change at 50% thickness reduction per pass (a) 180˚ rotation along 
TD (b) 180˚ rotation along RD and (c) 180˚ rotation along ND. 
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Figure 5.17: Grain boundary distribution in multi-pass monotonic symmetric and 
asymmetric rolling with varying thickness reduction per pass from 10% to 50%. 
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Figure 5.18: Misorientation distribution (a) Pixel to pixel and (b) next neighbour in multi-pass symmetric rolling with thickness reduction 
per pass 10%, 30% and 50%. 
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Figure 5.19: Misorientation distribution (a) Pixel to pixel and (b) next neighbour in multi-pass asymmetric rolling with thickness reduction 
per pass 10%, 30% and 50%. 
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Figure 5.20: Sub-grain/grain size distribution in multi-pass (a) symmetric and (b) asymmetric rolling with thickness reduction per pass 10%, 
30% and 50%. 
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Figure 5.21: Grain boundary distribution in multi-pass monotonic and with strain path 
change in asymmetric rolling at (a) 30% and (b) 50% thickness reduction per pass. 
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Figure 5.22: Misorientation distribution (a) Pixel to pixel and (b) next neighbour in multi-pass strain patch change in asymmetric rolling with 
30% thickness reduction per pass. 
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Figure 5.23: Misorientation distribution (a) Pixel to pixel and (b) next neighbour in multi-pass strain path change in asymmetric rolling with 
30% thickness reduction per pass. 
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Figure 5.24: Sub-grain/grain size distribution in multi-pass asymmetric rolling with strain path change at (a) 30% and (b) 50% thickness 
reduction per pass. 
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5.3.4 Texture and microstructure observation at high strain deformation 
After conducting rolling schedules at the medium strain, new rolling schedules 
were performed in the high strain regime to observe strengthening in the shear effect. 
Monotonic (unidirectional) rolling was performed with 30% and 50% thickness reduction 
in a pass until a total reduction in thickness of about ~89%. 
5.3.4.1 Texture evolution in high strain regime 
From  ߮ଶ ൌ Ͷͷι of ODFs in Figure 5.25, it is observed that the rotation of rolling 
texture is slightly increased further in high strain regime asymmetric rolling with 30% 
thickness reduction per pass as compared to the ~ 75% thickness reduction in similar 
condition. However, it also evident from ODFs that the increase in texture intensity and 
divergence at some rolling texture components became more significant than the ~75% 
thickness reduction. Apart from this, the new feature is that the evolved texture shows a 
through thickness texture uniformity the ߮ଶ ൌ Ͷͷι section of ODFs. Though, intensity of 
texture slightly increases while moving from the top surface to the bottom surface of the 
sheet (Fig. 5.26). In conjunction with the rolling texture components, the volume fraction 
of shear components along the thickness can be observed in Fig. 5.27. From these volume 
fractions of texture components in Figure 5.26 and Figure 5.27, it is noted that the 
resultant texture still has more tendency towards the symmetric rolling texture. 
In order to have more rotation towards the shear texture, monotonic asymmetric 
rolling with 50% thickness reduction per pass was extended to ~89% thickness reduction. 
It can be seen from Figure 5.28 that the rolling texture is rotated close to the ideal shear 
texture and reflects its uniformity through the thickness. Volume fraction quantification 
of the shear texture components in asymmetric rolled sample also shows a similar trend 
through the thickness (Fig. 5.27). Similar to the medium strain range asymmetric rolling 
schedules, Figure 5.27 reveals that the shear texture components F {001}<110> dominate 
along with the other strong texture components such as J {110}<ͳത12> and D 
{112}<ͳതͳത1>. In the case of symmetric rolling, it is noticed that the rolling texture 
remains on the ideal skeleton in ߮ଶ ൌ Ͷͷι of ODFs with slight distortion near the both 
surfaces of sample compare this to the mid thickness ODFs.  
The optimised rolling schedule for the exlc steel at 50% thickness reduction per 
pass were further extended to IF steel and 0.2C steel. Figure 5.29 shows that the IF steel 
and 0.2C steel also possess similar shear texture as found in the exlc steel. Although, a 
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slightly weak texture intensity and shift in shear texture is observed in both materials as 
compared to the exlc steel. The effect of such variations (i.e. texture intensity and shift) is 
also reflected in the corresponding quantitative volume fraction calculations. Figure 5.30 
represents the volume fraction of the shear texture components for these three steels. It is 
noted that all three steels have similar trends, although exlc steel shows slight higher 
strengthening over the other two steels.  
In comparison with the asymmetric rolling, symmetric rolling represents strong 
conventional rolling texture in similar processing conditions (Fig. 5.29). All three steels 
show strengthening in both α and γ fibres of the symmetric rolling. It can also be 
observed in Figure 5.29 that both IF steel and exlc steel have a strong tendency for 
texture fibres formation as compared to 0.2C steel. The trends in the volume fraction of 
their rolling texture components can be observed in Figure 5.31. 
5.3.4.2 Microstructural observations in the high strain regime 
An effect of texture formation after ~89% thickness reduction can be seen in the 
microstructures in Figure 5.32. Despite ~89% thickness reduction, mid thickness 
microstructure of the asymmetric rolled sample consists of elongated bands of smooth 
grains in rolling with 30% thickness reduction per pass (Fig. 5.32a). Apart from these 
smooth grains, the occurrence of severe strained areas is also evident (where shear bands 
and deformation bands etc. intersects). It can a be observed from the IPF map that the 
angle of inclination in shear bands has decreased as bands of the parent grain become 
elongated along the rolling direction. Figure 5.32a also reveals that new grains are 
forming along these shear bands and at their intersections. Besides, these sites for the 
newly forming grains, some sites can also be identifiable along the original elongated 
grains boundaries. Although similar features are also present in the symmetric rolled 
sample but more smooth grains prevails in the microstructure than the high strained areas 
(Fig. 5.32b). 
Microstructure after multi-pass rolled with 50% thickness reduction per pass is 
different from the 30% thickness reduction in similar conditions of asymmetric rolling. 
Figure 5.33a shows that the grains are severely deformed and elongated along the rolling 
direction. In comparison with the 30% thickness reduction per pass, smooth bands of 
grains also possess deformation bands due to orientation splitting. Orientations such as 
Goss {001}<110> is profoundly visible in the fragments of these grains. In symmetric 
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rolled sample, observed microstructure is similar to the 30% thickness reduction despite 
the multi-pass rolling with 50% thickness reduction per pass (Fig. 5.33b). However, new 
fine grain formation can also be found in the severe deformed regions of the symmetric 
rolled as noticed in asymmetrically rolled sample. It can be clearly seen in severely 
deformed region (as highlighted by no.1) that the fine grains are forming along the 
parallel arrays of bands (i.e. microbands). These microbands are aligned in the opposite 
direction to the shear bands (Fig. 5.33b). However, it is difficult to observe such sites in 
the asymmetric rolled sample due to severity in deformation after high thickness 
reductions. 
Similar to the exlc steel, the microstructure of the IF steel and 0.2C steel contain 
highly deformed features in case of asymmetric rolling (Figure 5.34a). In the asymmetric 
rolled IF steel, it is difficult to observe the original grain boundaries compared to the 
asymmetric rolled exlc steel. However, in symmetric rolled sample of IF steel, original 
elongated grain bands are quite frequently visible. Figure 5.34b also displays smooth 
grains at the mid thickness of symmetric rolled IF steel sheet. 
In the case of asymmetric rolling of 0.2C steel, the IPF map exhibit similar 
characteristics of the exlc steel. The microstructure is less distorted compared to the 
asymmetric rolled IF steel (Fig. 5.35a). In IPF map, it is quite evident that the elongated 
bands of original grains bow around the pearlite colonies at mid thickness (Fig. 5.35a). 
Some of these pearlite colonies are labelled in IPF map by number 1. In addition, newly 
formed fine grains can also be seen along these bands. The microstructure of 0.2C 
symmetric rolled steel is also exhibits smooth bands as it was observed in the exlc and IF 
steels (Fig. 5.35b). Some evidence of severe deformation of elongated bands and new 
fine grain formation are also visible along with the smooth bands. However, From Figure 
5.35b, it seems that the shear band formation is reduced in 0.2C steel (in either mode of 
rolling) as compared to the both exlc steel and IF steel. 
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Figure 5.25: Through thickness ϕ2=45˚ sections of ODFs for 89% rolling in symmetric 
and asymmetric mode with 30% reduction per pass. 
 
Figure 5.26: Through thickness volume fraction of rolling texture components for 89% 
rolling in symmetric and asymmetric mode with 30% reduction per pass. 
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Figure 5.27: Through thickness volume fraction of shear texture components for 89% 
rolling in symmetric and asymmetric mode with 30% and 50% reduction per pass. 
 
 
Figure 5.28: Through thickness ϕ2=45˚ sections of ODFs for 89% rolling in symmetric 
and asymmetric mode with 50% reduction per pass. 
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Figure 5.29: Through thickness ϕ2=45˚ sections of ODFs for 89% rolling in symmetric 
and asymmetric mode with 50% reduction per pass. 
 
 
Figure 5.30: Volume fraction of shear texture components for 89% rolled IF steel, exlc 
steel and 0.2C steel in asymmetric mode with 50% reduction per pass. 
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Figure 5.31: Volume fraction of rolling texture components for 89% rolled IF steel, exlc 
steel and 0.2C steel in symmetric mode with 50% reduction per pass. 
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Figure 5.32: IPF maps for 89% rolling of exlc steel in (a) asymmetric and (b) symmetric 
mode with 30% thickness reduction per pass. 
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 Figure 5.33: IPF maps for 89% rolling of exlc steel in (a) asymmetric and (b) symmetric 
mode with 50% thickness reduction per pass. 
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Figure 5.33: IPF maps for multi-pass 89% rolling of IF steel in (a) asymmetric and (b) 
symmetric mode with 50% thickness reduction per pass. 
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Figure 5.34: IPF maps for multi-pass 89% rolling of 0.2C steel in (a) asymmetric and (b) 
symmetric mode with 50% thickness reduction per pass. 
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5.3.4.3 Quantitative results from microstructures in high strain regime 
From the IPF maps of ~89% rolled exlc steel, it is observed that the 
microstructure is improved in terms of grain sub-division and elongation of grain bands. 
However, it seems that the microstructure in symmetric rolling is not much affected by 
the increase in total thickness reduction from ~75% to ~89%.  
The effect of increase in the thickness reduction per pass for a sheet rolled up to 
~89% thickness reduction can be seen in the fraction of grain boundaries (Fig. 5.36). 
Figure 5.36 represents that the fraction of HAGB is significantly improved in asymmetric 
rolling with increased thickness reduction per pass from 30% to 50%. Meanwhile, in 
symmetric rolling, it is noticed that increase in reduction per pass does not change the 
fraction of HAGB (Fig. 5.36). These results on the fraction of HAGB in symmetric 
rolling are consistent with the ~75% thickness reduction where not much variation 
occurred in the fraction of grain boundaries by changing the reduction per pass. However, 
from Figures 5.36 and 5.17, a significant difference can be seen in LAGB (<5˚) and 
HAGB at the final ~89% thickness reduction as compared to the total ~75% thickness 
reduction in both types of rolling. 
Along with the increased fraction of HAGB and reduction in the fraction of 
LAGB (<5˚), distribution of misorientation angle can be seen in Figures 5.37 and 5.38. 
Overall fraction of misorientation angle has been reduced in lower regime of pixel to 
pixel misorientation with an increase in total thickness reduction from~75% to ~89% for 
the symmetrically rolled sheet (Fig. 5.37). Similar to the symmetric rolling, a declining 
trend can also be observed in the overall fraction of lower regime of pixel to pixel 
misorientation distribution in asymmetric rolled sample (Fig. 5.38). However, it is noted 
that with the increase in thickness reduction per pass, there is a further decrease in this 
fraction in asymmetric rolled sheet. Apart from the lower regime of pixel to pixel 
misorientation angle, an increased fraction of misorientation angle 15˚and above can also 
be noticed in both types of rolling. 
Results from the next neighbour misorientation also indicate a similar trends as 
observed in pixel to pixel distribution with increase in thickness reduction from 75% to 
the ~89% (Fig. 5.37 and Fig. 5.38). In comparison with the symmetric rolling, it is 
observed that a single peak type of nature in the lower regime of misorientation angle 
becomes quite shallow in the case of asymmetric rolled sheet irrespective to the reduction 
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per pass (Fig. 5.38). In addition to the shallowness in the single peak nature, Figure 5.38 
also represents that the fraction of misorientation angle 15˚ or above increased further in 
the asymmetric rolling than the symmetric rolling. 
From Figure 5.39, it is seen that both symmetric and asymmetric rolling exhibits a 
tendency to have two types of sub grain/grain size distribution with roughly a partitioning 
boundary around the grain size ≤ 5μm. Both types of rolling shows tendency to have a 
small fraction of sub grain/grains along with the substantial fraction of larger grains in 
multi-pass rolling with 30% thickness reduction per pass. However, the fraction of sub-
grain/grain ≤ 5μm is higher along with decreased fraction of larger grains in asymmetric 
rolled sample. This difference in the fractions of smaller grains and larger grains becomes 
quite significant with increased thickness reduction per pass to the 50%. An improvement 
in smaller grain size fraction ≤ 5μm can be seen in symmetric rolled sample but still the 
fraction of larger grains is quite evident. However, in asymmetric rolled sample, a 
significant increase in the fraction of smaller grain size ≤ 5μm occurred with a negligible 
fraction of larger grains size distribution. 
A comparative plot between the fractions of grain boundaries is plotted for the 
exlc steel, IF steel and 0.2C steel at 50% thickness reduction per pass in Figure 5.40. It is 
discernible that the fraction of HAGB is significantly increased in asymmetric rolled IF 
steel. Meanwhile, HAGB fraction in 0.2C steel remains at the par with the exlc steel. 
However, trends of HAGB are reverse in symmetric rolling of these materials. It means 
that lowest HAGB was observed in the IF steel whereas exlc steel and 0.2C steel have 
similar level of HAGB. In addition, these fractions of HAGB are significantly lower than 
the asymmetric rolled samples. 
Trends in misorientation angle distribution also follow the trends in fraction of 
grain boundaries (Fig. 5.41 and Fig. 5.42). A significant decrease in the lower angle 
regime (≤ 15˚) of pixel to pixel misorientation occurred in asymmetric rolled IF steel as 
compared to the fraction in symmetric rolling. A decrease in the fraction of lower angle 
misorientation in 0.2C steel also shows similarity with the trends observed in the exlc 
steel. 
An examination of next neighbour misorientation plots depicts a small increment 
in the shallowness of peak typed nature of lower angle misorientation as moving from the 
IF steel to exlc steel and then to 0.2C steel. These trends are similar in both types of 
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rolling. However it seems that shallowness is more prominent in asymmetric rolling than 
the symmetric rolling. From Figure 5.42, it is observed that similar to the pixel to pixel 
misorientation, fraction of high angle misorientation ≥ 15˚ is represented higher in the 
next neighbour misorientation as well. 
In accordance to the exlc steel, IF steel and 0.2C steel also manifests the same 
trend in sub grain/grain size distribution in both types of rolling (Fig. 5.43). Figure 5.43 
represents that almost whole sub-grain/grain size distribution exists under the 5μm for the 
asymmetric rolled sample. In addition, an increased fraction of lower sub-grain/grain size 
distribution below the 2.5μm is higher in IF and 0.2C steels than the exlc steel. 
Meanwhile, only a small variation can be observed in their distribution while comparing 
all three grades together in their symmetric rolling. These results also show that, 
disregarding to the type of steels, the fraction of larger grain size (≥ 5μm) distribution 
remains higher in symmetric rolling than the asymmetric rolling. 
 
 
Figure 5.35: Grain boundary distribution for ~89% multi-pass rolled exlc steel in 
symmetric and asymmetric mode with 30% and 50% thickness reduction per pass. 
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Figure 5.36:  Misorientation distributions for ~89% multi-pass rolled exlc steel in 
symmetric mode with (a) 30% and (b) 50% thickness reduction per pass. 
 
Figure 5.37:  Misorientation distribution for ~89% multi-pass rolled exlc steel in 
asymmetric mode with (a) 30% and (b) 50% thickness reduction per pass. 
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Figure 5.38:  Sub-grain/grain size distribution for ~89% multi-pass rolled exlc steel in (a) 
symmetric and (b) asymmetric mode with 30% and 50% thickness reduction per pass. 
 
Figure 5.39: Grain boundary distribution for~89% multi-pass rolled IF steel, exlc steel 
and 0.2C steel in symmetric and asymmetric mode with 50% thickness reduction per 
pass. 
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Figure 5.40: Misorientation distribution for ~89% multi-pass rolled IF steel, exlc steel and 0.2C steel in symmetric mode with 50% thickness 
reduction per pass.
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Figure 5.41: Misorientation distribution for ~89% multi-pass rolled IF steel, exlc steel and 0.2C steel in asymmetric mode with 50% 
thickness reduction per pass. 
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Figure 5.42: Sub-grain/grain size distribution for ~89% multi-pass rolled IF steel, exlc steel and 0.2C steel in (a) symmetric (b) asymmetric 
mode with 50% thickness reduction per pass 
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5.4 Discussion 
5.4.1 Deformation texture at medium and high strain range 
5.4.1.1 Deformation texture in monotonic rolling 
It is noted from the experimental results that the rolling with 10% thickness 
reduction per pass in asymmetric mode exerts a resultant texture almost similar to 
symmetric rolling. At this stage, the existing small difference in the volume fraction of 
rolling texture components is not significant enough to be considered as the effect of 
imposed asymmetry. However the effect of asymmetric mode becomes more evident in 
the resultant texture when 30% thickness reduction per pass is applied in the rolling. The 
rolling texture component f1 (111)[1തʹ1] clearly represents a dip in its volume fraction. 
Meanwhile, volume fraction of rotated cube (001)[110] and f2 (111)[ͳതͳത2] texture 
components also decreased but still retains their reasonable majority over other 
components as compared to the 10% reduction per pass (Fig. 5.4).  
Despite the increased thickness reduction per pass, the majority of these texture 
components over other components can be understood from their high stability in plane 
strain condition [34, 38, 51, 167]. Meanwhile, presence of asymmetry in the equivalent 
texture components might be due to the superimposed shear in the rolling which restrains 
the instability in rotation of texture components such as behaviour of Goss oriented 
grains. It is reported that the majority of highly unstable  Goss oriented grains rotate 
easily towards the rotated cube {001}<110> and f {111}<112> orientations in plane 
strain condition as they are considered to be the stable end orientations of Goss 
orientation [170, 175]. However a small fraction of Goss oriented grains can still remain 
with less than 10˚ deviation in plane strain condition [170, 175]. Similarly, it is also 
predicted by Raabe et al. that, in plane strain condition, the Goss orientation rotates easily 
to its maximum before it is broken up into other orientations and their gradients [166].  
Under the influence of shear effect, it has been suggested that a majority in the 
appearance of either component of {111}<112> could be due to the Goss grains and their 
deviation from the ideal position which impulse that one of the two texture components 
of {111}<112> is preferred to evolve [175]. Similar behaviour was also observed in 
initial cycles of accumulative roll bonding process when sheared regions of the sheet 
undergo plane strain condition in the next pass [176, 177]. Apart from the asymmetry in 
volume fraction of f1 (111)[1തʹ1], a small decrease in other rolling texture components 
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can be understood from their rotation and deviation about the TD direction under the 
shear effect [81, 131]. From these studies, it can be anticipated that in such situations, a 
superimposed shear affects the stability of rolling texture components and introduces 
asymmetry in their texture components such as observed in {111}<112> component.  
With increase in reduction per pass to 50% in rolling, the resultant texture in 
asymmetric rolling is more rotated towards the shear type texture than the symmetric 
(conventional) rolling texture. This kind of behaviour at mid-thickness indicates that 
superimposed shear in rolling become more effective and comparative to the rolling 
strain. Therefore, along with effective shear strain, an effective rigid body rotation can 
also take place and lead to the rotation of texture. Increase in strengthening of shear 
texture at this stage also reaffirms single pass study in Chapter-4 that thickness reduction 
per pass like 50% with high roll asymmetry is the basic requirement to have profound 
shear effect in asymmetric rolling.  
Under such condition of deformation, Goss orientated grains (110)[001] might 
become more stabilized and even restrains its easy rotation towards rotated cube 
{001}<110> and f {111}<112> orientations. Thus, rotated cube (001)[110], e 
(111)<110> and i {112}<110> can also become unstable despite being highly stable in 
the plane strain condition. Heason et al. observed similar kind of behaviour in ARB 
processing of polycrystalline aluminium [178]. Their study shows that a strong 
component of copper Cu {112}<111> forms along with weak brass Bs {110}<112> 
orientation when unstable rotated cube {001}<110> orientation from the surface layer 
moves to the centre layer in the next pass of ARB process. Here, rotated cube orientation 
in fcc behave in similar way as Goss orientation in bcc. Modelling studies by Kim et al. 
[13] using elasto-plastic FEM model and a convergence – divergence map by Toth et al. 
[10] on asymmetric rolling also point out that after acquiring a certain amount of shear 
coefficient ≥ 1, some shear texture components show the tendency of their stabilization. 
5.4.1.2  Deformation texture in strain path change 
After monotonic rolling schedules at different thickness reduction per pass, the 
effect of strain path change in alternate rolling pass was taken into account at both 30% 
and 50% thickness reduction per pass. From ߮ଶ =45˚ sections of ODFs in Figure 5.3b, it 
is discernible that at some extent resultant texture formation is affected from the strain 
path change as compared to the monotonic rolling schedules. However, by changing 
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strain path in rolling schedules, a major alteration in resultant texture cannot be expected 
especially at the mid thickness with small thickness reduction per pass. Under this, the 
overall difference in the intensity of texture exists mainly due to the type of external 
rotation imposed on the sheet. It can also be due to the effectiveness of rolling strain at 
mid thickness which hinders the rotation of texture and the effect of shear strain. While at 
higher thickness reduction per pass, increased difference in resultant texture at mid 
thickness can be understood from the instable state of deformation. This instable state not 
only dependent on imposed external rotation of sheet but also on the induced imbalance 
in between effectiveness of shear strain and rolling strain by increased thickness 
reduction and applied roll asymmetry.  
Quantification of rolling and shear texture components highlighted that the trends 
in their volume fraction are consistent with monotonic asymmetric rolling at both 30% 
and 50% reduction per pass (Fig. 5.5, 5.8, 5.9). However, it appears form other studies 
that by imposing rotation about the TD in alternative pass, shear texture can be further 
enhanced as compared to the monotonic mode [12, 13]. Results obtained here are in good 
agreement with other studies when higher thickness reduction per pass applied than the 
30%. This kind of enhancement in texture rotation by TD rotation can be correlated with 
the sheet surface exposed to the driving roll in every pass or in other way by changing 
position of neutral points for the pre deformed material in each pass. It has been observed 
in various studies on asymmetric rolling that the shear effect is high on the texture close 
to the driving roll than the driven roll [134, 142]. This is because of the position of 
neutral point associated with the driving roll which is already more shifted towards the 
exit side of roll gap than the neutral point with the driven roll. Hence, a higher rigid body 
rotation can occur near the driving roll than the driven roll which is more favourable to 
the rotation of texture than the increment in shear strain. Figure 5.43 represents schematic 
illustration of how the shearing effect is reinforced with rotation about TD (path 2) in 
every alternate pass than the other types of rotations.  
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Figure 5.43: Schematic illustration of strain path change effect on shearing in next pass. 
In monotonic asymmetric mode (Fig. 5.43, path 1), only one side of sheet surface 
is exposed to the driving roll throughout the rolling whereas by implication of 180˚ 
rotation about the TD alternatively, both the surface of sheet can be exposed to the 
driving roll. It means that material previously deformed with neutral point associated with 
driven roll (effective high shear strain but small rigid body rotation) has to go under 
higher rigid body rotation in alternate pass due to the TD rotation. In this situation, a 
higher rotation in texture can be expected along with the increased effectiveness of shear 
strain through the thickness. That is why in Figure 5.3, it is noticeable that as same 
thickness reduction per pass, resultant texture is more rotated in TD rotation than the 
monotonic mode while having comparatively less texture intensity as well. 
Thus, it also become apparent that by TD rotation under the appropriate rolling 
geometry, absolute value of shear coefficient can also increase which corresponds to the 
rotation of rolling texture or enhancement of shear texture [138, 163].  
Texture results obtained with revers shear are also in good agreement with other 
studies where it was reported that rotation about the ND is more effective in cancellation 
of an asymmetric effect imposed by monotonic asymmetric rolling [11, 12, 133, 138]. An 
effective cancelation of shear effect takes place by retaining same surface exposed to the 
driving roll in every pass (Fig. 5.3b). This can also be comprehended based on the effect 
of corresponding position of neutral points in each pass to the surfaces of a sheet. By ND 
rotation in every alternative pass, neutral points respective to both sheet surface and roll 
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exerts almost the same effective shear strain and rigid body rotation in reverse direction 
as compared to the previous pass (Fig. 5.43, path 3). Meanwhile, in case of the RD 
rotation in every pass, neutral point corresponds to the interface of surface of sheet and 
roll at driving roll (high speed roll) which assists in higher rigid body rotation and less 
effective shear strain would be under small rigid body rotation and more effective shear 
strain in next pass but in reverse mode (Fig. 5.43, path 4). Similar thing happens at 
neutral point of driven roll but in reverse way i.e. small rigid body rotation and higher 
effective shear strain would be under large rigid body rotation and small effective shear 
strain in next pass. Under this, an imbalance not only occurs in effectiveness of shear 
strain but also in the rigid body rotation. This means that 180˚ rotation about the ND in 
every alternate pass would be more effective than 180˚rotation about the RD in similar 
conditions. That is why, strain path change by 180˚ rotation about the ND is the most 
commonly used in symmetric rolling, as it has minimal shear effects in sheet thickness. 
Quantitative volume fraction of rolling texture components also clearly exposes 
the difference between these two types of rotation in reverse mode of shear, at both 30% 
and 50% thickness reduction per pass. As these two rotations belong to reverse mode of 
shear so their effectiveness become more noticeable in the trends of volume fraction of 
rolling texture components than the shear texture components. Indeed, it is apparent from 
Figure 5.8 and 5.9 that the volume fraction of rolling texture components are the lowest 
in rotation about the RD than the ND rotation. Meanwhile, despite having lower faction 
of overall shear texture components in both RD and TD rotations, Goss (110)[001] 
orientation still represents high volume fraction in RD rotation as observed in progressive 
mode of shear. This kind of behaviour suggests the presence of residual shear effect in 
180˚ rotation about the RD. This could also be the reason for the least volume fraction of 
texture components as Goss orientation is still more stable and restraining its rotation and 
its conventional tendency to form rotated cube {001}<110> and f {111}<112> 
orientations. 
From overall trends of both rolling and shear texture components, it can said that  
180˚ rotation about the RD and ND follows trends observed in monotonic asymmetric 
rolling than the symmetric rolling in reverse mode of shear. Thus, it also justifies that a 
complete cancellation of shear effect is not possible at higher roll asymmetry despite 
imposing any kind of reverse mode of shear in asymmetric rolling which might be 
possible in case of lower roll asymmetry. 
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5.4.1.3 Deformation texture in high strain range 
Literature on symmetric rolling shows that rolling, in the regime of total 75- 85% 
reduction in thickness yields optimal rolling deformation texture in very low carbon 
steels such as IF steel and extra low carbon steels [40, 78]. However, it is also noticed 
from the literature that the deformation should be applied in multi-passes to have strong 
texture development. Meanwhile in asymmetric rolling, it is reported that a high 
thickness reduction per pass is required for a resultant texture which can closely resemble 
to the ideal shear or shear type texture than symmetric rolling texture [4, 10, 12, 13]. 
Experiments conducted here till 75% total thickness reduction (Section 5.3.2), show 
promising results when sample are rolled with the 50% thickness reduction per pass. 
Although these results at 75% total thickness reduction are insufficient for the optimal 
shear type texture at mid thickness and also having a weaker intensity of shear texture.  
After scheduling rolling to ~89% thickness reduction, with 30% thickness 
reduction per pass, it was observed in ߮ଶ = 45˚ section of ODFs that the resultant texture 
remains in accordance with the texture formed at 75% thickness reduction in similar 
conditions (Fig.5.3a, b). Persistence in the position of the skeleton of the resultant texture 
and its asymmetric nature, even after increased thickness reduction, further reaffirms 
earlier studies [12, 13]. Orlov et al. also reported that only a tilted rolling texture can be 
achieved in asymmetric rolling than the shear texture with small thickness reduction per 
pass, despite imposing high roll asymmetry with high final thickness reduction [4].  
A comparison of these texture results at ~89% and ~75% thickness reduction with 
single pass rolled in similar conditions (Fig.4.3), confirms that the rotation of orientation 
remains around the same position. Such a correspondence and consistency in results 
signifies that rotation of an orientation and differential behaviour within equivalent 
orientations is primarily dependent on effectively applied shear strain in a pass rather than 
their accumulation in the number of passes in asymmetric rolling.  
The importance of having higher thickness reduction per pass in asymmetric 
rolling is further affirmed from the resultant texture obtained with 50% thickness 
reduction per pass at increased thickness reduction to the ~89% (Fig.5.27). Texture 
results show that ~89% thickness reduction, not only strengthens the shear type texture 
but also improves its through thickness homogeneity. A comparison with the 30% 
thickness reduction per pass at ~89%, shows that the skeleton of symmetric rolling 
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texture vanishes and the quantified volume fraction of their texture components occupies 
the lowest values. At this level of thickness reduction, a strong presence of typical shear 
texture components signifies that the thickness reduction per pass, 50% or above is 
required with a more number of passes in asymmetric rolling. However, it is not possible 
to increase that number of passes with high reduction due to nature of the rolling process. 
Results at ~89% thickness reduction with 50% thickness reduction per pass shows 
the strong dominance of rotated cube {001}<110> component in symmetric rolling 
(Fig.5.31). However, literature suggests that rolling with small thickness reduction per 
pass in this range of thickness reduction (~89%) exhibits a higher volume fraction of 
either {112}<110> or {111}<110> texture components in comparison with the small 
fraction of rotated cube{001}<110> (Fig.5.26) [38]. Inagaki et al. reported that a decrease 
in rotated cube {001}<110> component at high thickness reduction could be due to their 
reorientation towards the stable end orientations {112}<110> and {111}<110> [36]. 
Having a strong presence of rotated cube {001}<110> orientation in symmetric rolling 
with 50% thickness reduction per pass can also be anticipated from their four fold 
symmetry and tendency to have greater spread around their ideal position in the rolling 
direction than the normal and transverse direction [111]. In addition, it is also suggested 
that the rotation of metastable Goss orientation towards the rotated cube {001}<110> 
creates less grain boundary constrains than the f {111}<112> orientation could be the 
another reason for the dominance of rotated cube component [34].  
In the case of asymmetric rolling, Goss orientation {110}<001> emerges as a 
prominent texture component, along with the other shear texture components J 
{110}<112> and D {112}<111>, at this level of thickness reduction. Development of 
such a strong Goss orientation {110}<001> and other shear texture orientations can be 
inferred from previous studies that refer to the occurrence of shear texture in symmetric 
rolling or in channel die compression. 
Shimiju et al. observed that a component of copper (D) (112)[11ͳത] orientation can 
form promptly near the surface of hot symmetric rolled Fe3%Si single crystal with 
rotated cube (001)[110] orientation [179]. They anticipated that the presences of this 
component could be due to crystal rotation around the [110] axis perpendicular to the RD 
direction, as no such crystal rotation was observed at the mid thickness of the initially 
orientated rotated cube (001)[110] orientation. They also showed that, in 
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nonhomogeneous conditions of hot rolling when friction conditions are high, a single 
crystal of rotated cube (001)[110] can produce Goss (110)[100] orientation by rotation 
around the axis TD|| [110] when either one of slip system (1ͳത2)[ͳത11] or (11തʹ)[111] 
preferentially activates. Apart from the possibilities of Goss orientation (110)[001] 
formation from a rotated cube (001)[110] orientation, in another study by them on single 
crystal with cube (001)[100] orientation showed that cube (001)[100] component can also 
form the Goss (110)[001] orientation. According to them, in the presence of high shear 
strain, a stable cube (001)[100] orientation can rotate into another stable Goss (110)[001] 
orientation by a rotation around the axis RD ||[100] when both slip systems (211)[ͳത11] 
and (21ͳത)[ͳത1ͳത] activates equally. 
In accordance with Shimiju et al. [179], Wonsiewicz et al. provided experimental 
evidence and mechanisms of activated slip systems for the rotation of unstable orientated 
(111)[ͳതͳത2] single crystals of copper towards either (112)[ͳതͳത1] or (110)[001] in the 
presence of superimposed shear in plane strain condition [180]. From the analysis of 
rotation and activated slip, they observed that Goss (110)[001] orientation is more 
favourable than the (112)[ͳതͳത1] orientation as rotation about the compression direction 
[111] increases due to the superimposed shear. In addition to (111)[ͳതͳത2] orientation, their 
work on another unstable single crystal of copper (001)[ͳതͳത0] orientation showed that the 
end orientation would be towards (112)[ͳതͳതͳത] and (ͳതͳത2)[111] in the presence of shear.  
Recently, Ishida et al. studied ARB of another unstable orientation {112}<110> 
of aluminium single crystal and observed that in the first cycle of ARB with 50% 
thickness reduction, the top and bottom surface of the sample forms (ͳത01)[121] and 
(011)[21ͳത] orientations which are two variants of brass (Bs) orientation in preference to 
other orientations [181]. Formation of these orientations infers that under the influence of 
shear, brass {011}<112> orientation can also be formed from {112}<110> orientation. 
These results also corresponds with work by Dillamore et al., where they observed that 
cross slip is the main factor for the formation of such a stable {110}<112> brass 
orientation in pure and less alloyed metals [182]. 
Based on these studies, the probability of rotation about the TD is greater in 
asymmetric rolling as it can be observed that one of the D {112}<111> texture 
component is preferentially dominant at all levels of thickness reduction and reductions 
per pass. Although rolling in high strain range (~89%) with 50% thickness reduction per 
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pas further reduces the difference between the volume fractions of equivalent D 
{112}<111> components. At high thickness reduction with 50% thickness reduction per 
pass, it might be possible that grains oriented with {111}<110> and {112}<110> 
orientations,  also forms {111}<112> orientation in plane strain conditions, can assist in 
preference to the Goss orientation, apart from brass (J) {110}<112> and copper (D) 
{112}<110> orientations. The probability is high of such a rotation as it can also be 
noticed in symmetric rolling that with increase in thickness reduction per pass, the 
volume fraction of {111}<112> orientation decreases and the rotated cube {001}<110> 
increases (Figs.5.26, 5.31). Thus, from these possibilities of crystal rotation in shear 
assisted deformation mode, it is most likely that the Goss {110}<001> will dominate 
along with other shear texture components. 
The persistence of such a deformation texture of exlc steel can also be seen in 
other grades of steels in both types of rolling (Fig. 5.30, 5.31). It can be noticed that both 
IF steel and exlc steel have similar types of shear texture and volume fractions of their 
shear texture components, despite having around three times difference in their grain size. 
This could be due to the breakage of large grains into smaller fragments and some of 
these fragments might reorient themselves towards shearing direction or form orientation 
gradients in order to accommodate applied deformation. Although, literature on cold 
rolling texture suggests that the resultant texture is less affected by variation in grain size 
[36, 183, 184]. However, Inagaki reported that the nature of rolling texture can vary, from 
the fibrous and continuous orientation spread to strong isolated spiky type, when resultant 
texture of 40μm and 400μm grain sizes were compared [36]. 
By maintaining similar l/h ratio and rolling condition, as used for exlc and IF 
steel, the trends of resultant textures of 0.2C steel were also in accordance with them 
despite having different initial thickness. However, the resultant textures and their 
volume fraction of texture components were slightly weaker compared to the IF and exlc 
steels, which is mostly could be due to the fraction of cementite. For cold rolling of 
various compositions of low carbon steels, Inagaki reported that increasing cementite 
content can suppress the strength of rolling texture as these second phases influence the 
rate of crystal orientation towards the stable end orientation [36]. It was also suggested 
that the increased amount of fragmented cementite generates heavily deformed and 
randomly oriented zones which affects the resultant texture. However, these symmetric 
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rolling studies were performed with small reductions per pass until 70% final thickness 
reduction than the high reductions per pass and high thickness reduction [36].  
While comparing shear texture produced at this thickness reduction level with 
other simple shear based processes, it can be observed that resultant texture evolved in 
asymmetric rolling varies from them [148, 152, 185, 186]. This could be due to the 
difference in imposed deformation geometry in asymmetric rolling where in each pass 
thickness of a sample does not remain same. Thus, strain state can differ in every pass. 
Other shear based processes, such as ECAP and torsion, exerts simple shear deformation 
states without a change in the shape and size of material [148, 152, 185, 186]. It means 
that multiple number of passes can be applied until fracture of the material and this leads 
to the development of strong ideal shear texture in these processes. 
Although, process such as ECAP with both 90˚ and 120˚ die angle in route A, 
which is monotonic shearing mode, shows a majority in J {110}<112> and D 
{112}<111> components for IF steel at room temperature [152, 185, 186]. In comparison 
with lower strain torsion tests of IF steel at room temperature, shear texture components 
D1 (112)[ͳതͳത1] and F (110)[001] appear promptly than the J {110}<112> component in 
asymmetric rolling which usually appears first and get strengthened before other 
components in the torsion test [148]. However, the texture developed here in the high 
strain regime with 50% thickness reduction per pass has greater similarity with the 
torsion test when one end is fixed and at the other end lengthening is allowed to occur 
[148, 187]. 
5.4.2 Deformed microstructure at medium and high strain range 
5.4.2.1 Microstructural evolution in medium strain range 
From the IPF maps of multi-pass rolling with various thickness reductions per 
pass, it was observed that both types of rolling form elongated and lamellar bands of 
deformed grains along the rolling direction (Figs.5.10-14). However, it was noticed that 
the occurrence of orientation inhomogeneity and their splitting increases in asymmetric 
rolling than the symmetric rolling. In addition to orientation inhomogeneity, it was noted 
that at each thickness reduction per pass, asymmetric rolling has a slight advantage over 
symmetric rolling when the aspect ratio of elongated bands of original grains was 
considered [3, 4]. 
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Irrespective of the type of rolling and material, literature on rolling points out that 
splitting in these orientations is mostly in the form of shear bands and deformation bands. 
Their formation in a grain occurs when instability arises due to strain localization. Chen 
et al. studied the occurrence of deformation banding in rolling and reported that when 
more than one primary-slip systems was strongly activated in a grain, the grain either 
splits or create orientation gradient in their matrix in order to accommodate the imposed 
strain [58]. Lee et al. purposed a theory of deformation banding and suggested that their 
occurrence and orientation splitting depends on the orientation, grain size and applied 
strain [63]. Formation of shear bands is also orientation dependent and occurs after a 
certain applied strain [59, 71, 188-190]. An occurrence of these shear bands and 
deformation bands in microstructure creates higher misorientations at the interface 
between these bands and their associated matrix [58, 59, 69, 190]. Hughes et al. reported 
that the misorientation produced by these deformation induced high angle boundaries lies 
between 15˚-30˚ and rarely exceeds above these values in low to medium strain range 
rolling [56]. 
A rise in the fraction of deformation bands and shear bands during asymmetric 
rolling can be anticipated from the deformation condition imposed by this process, with 
increased thickness reduction per pass. Here, from geometrical point of view, we are 
creating an external macroscopic instability situation, by imposing shear strain whereby a 
grain undergoes shear/tilt meanwhile flattening/elongating at the same time due to the 
nature of the rolling process. During evolving stages of texture towards their preferred 
orientation, in polycrystalline material, some part of a grain or entire grain has to either 
rotate or accommodate applied strain on the basis of its initial orientation and the 
orientations of surrounding neighbour grains. Under such conditions, there is also an 
equal probability that the grain may subdivide in parts, if large rotation is a requirement 
to accommodate imposed strain conditions. 
It can also be speculated that in such a mixed process condition of shear and plane 
strain compression in rolling, orientations which are usually considered to be stable for a 
given process can become unstable or vice versa to create more orientation spread and 
their disorientations from their preferred stable end orientation axis. From other studies, it 
is already known that polycrystalline material exerts internal grain boundary interface 
constraints to influence a grain orientation stability and this plays an important role in 
steels [34, 36]. Hughes et al. have also suggested that evolving texture towards their final 
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preferred texture is more susceptible to provide deformation induced HAGB and 
supported their hypothesis by using Taylor model [56]. These might be the reasons for 
the observation of more orientation splitting and spread in orientations while performing 
asymmetric rolling. 
Conversely, in symmetric rolling, plane stain condition exists at the mid thickness 
where more flattening and elongation takes place than the shearing of grains. Here, if any 
instability arises at mid thickness then it mainly belongs to the orientation inhomogeneity 
in the grains, which would not be assisted by any externally imposed condition on the 
process. That is why mainly shear band formation is observed rather than the deformation 
banding in symmetric rolled samples at this level of thickness reduction even after 
increased thickness reduction per pass. The less frequent observation of instability in 
symmetric rolling is also due to the promptness of orientations towards their stability and 
less number of preferred ideal texture components at a given strain as compared to the 
torsion test or any other mixed process [56]. A prominent orientation of symmetric 
rolling such as rotated cube {001}<110> is highly stable by virtue of multiple slip 
systems activation which hinders the occurrence of instability. While, γ-fibre oriented 
grains have less slip systems so they are more prone to exhibits instability and quicker to 
form bands, such as shear bands then the α fibre orientations where multiple slip system 
activates.  
The increased activities of orientation splitting and their inhomogeneity in 
asymmetric rolling than the symmetric rolling can be confirmed from the quantified 
microstructural parameters.  It is evident that the fractions of deformation induced HAGB 
are higher in asymmetric rolling than symmetric rolling (Fig.5.17). Indeed, fraction of 
HAGB also represents influence of an increase in thickness reduction per pass in 
asymmetric rolling than the symmetric rolling where it remains almost at the same level,  
In addition to the deformation induced HAGB fraction, misorientation distribution 
plots between pixel to pixel shows a good agreement with the other studies that the 
distribution mostly increases between 5° to 10° in low and medium strain despite having 
increased thickness reduction per pass and roll asymmetry [55]. However, asymmetric 
rolling with 50% thickness reduction per pass shows a slight decrease in the distribution 
between 5° to 10°. However, using next neighbour approach, it also become evident that 
not only lower angle fraction increases but also the small increment in fraction between 
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15° to 30° in asymmetric rolling than the symmetric rolling (Fig.5.18-19). Toth et al. 
reported that such single peak type nature of next neighbour misorientation plot indicates 
a greater contribution from the internal sub-divisions of an original grain than from its 
boundaries where usually misorientation higher than 30° exists [156]. 
It is also become clear from Figure 5.20 that an increase in thickness reduction per 
pass increases the fraction of sub-grain/grain size towards the fine grain size (≤ 5μm) in 
asymmetric rolling while retaining a small fraction of large fragmented and elongated 
bands. On other hand, symmetric rolling represents a very small increment in sub-
grain/grain size with a large fraction of elongated grains. The distribution of sub 
grain/grain size agrees with other reports that higher thickness reduction per pass is not 
recommended for symmetric rolling meanwhile it plays an important role in asymmetric 
rolling. 
Based on all these results and other studies, it appears that microstructural 
mechanism is preferentially contributing more to the microstructure evolution than the 
texture mechanism in both types of rolling at medium strain range deformation [56]. 
However, asymmetric rolling with 50% thickness reduction per pass shows slightly 
increased contribution of texture mechanism with the microstructural mechanism as 
compared to other rolling schedules and types of rolling. 
5.4.2.2 Microstructure evolution in strain path change  
Similar to texture analysis, microstructural observations also correspond to the 
strain path change when they are compared with monotonic asymmetric rolled samples in 
similar conditions. Here, all used strain path changes in experiments were applied in 
asymmetric conditions so they have similarity in their microstructure. Although some 
change in their microstructural features will differ from monotonic rolling regardless of 
any kind of strain path implemented. Earlier studies show that strain path changes in a 
process influences the effective weightage for previously active slip systems or might 
activate a new set of slip systems to accommodate applied change in deformation 
conditions [111, 115, 116, 189]. It is also reported that it might lead to a new preferred 
end orientation at the macroscopic level as well, depending on scheduling in the rolling 
process [111]. Surely, this kind of orientation dependence may also affect the formation 
of additional heterogeneity in the microstructure, in terms of formation of different types 
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of deformation bands and orientation inhomogeneity in the elongated grains of the rolled 
sample. 
From the appearance of IPF maps in strain path change at both 30% and 50% 
thickness reduction per pass, it was noticed that effective cancellation of shear is higher 
in rotation about the ND (Fig. 5.15-16). The presence of smooth elongated bands of α 
fibre orientated grains in the majority also signifies that more orientation inhomogeneity 
cannot be created in them especially in grains with rotated cube (001)[110] orientation. It 
might be due to their nature to activate high number of slip systems simultaneously, 
which can effectively cancel the applied shear strain in every alternate pass in rotation 
about the ND [56, 58]. However, as all rolling passes are in asymmetric mode hence it 
might cause other elongated bands of grains to deform severely or, in some cases, to 
forms more shear bands. In addition, in symmetric rolling studies, it is mentioned that 
shear bands have both positive and negative inclination to the rolling direction so 
reversing direction of shear strain can still promote their formation or increase their area 
fraction [71, 75, 76]. This might be the reason for increased fraction of HAGB as 
compared to the monotonic asymmetric mode despite having effective reverse shear 
strain in every alternate pass when quantification of grain boundaries is performed (Figs. 
5.21a, b). Results on sub-grain/grain size distribution also confirm that the ND rotation 
retains a slightly higher fraction of larger grains with a smaller fraction of fine grain size 
(≤ 5μm), as compared to the other two rotations of strain path change (Fig.5.24). 
Similar to the ND, rotation about the TD in every alternate pass is also an 
effective mode of imposing shear strain but this time it has the same directional sense as 
imposed in previous pass before the rotation of the sheet. It is reported in other studies 
that the rotation about the TD further enhances the shear strain compared to the 
monotonic asymmetric rolling [12, 13, 134, 142]. An increment in effective shear strain 
just by a rotation in rolling schedules might further creates orientation splitting and 
inhomogeneity to accommodate this extra shear strain. Quantification of microstructural 
parameters also shows improved results by an increment in effective shear strain when 
comparing with monotonic asymmetric mode and rotation about the ND (Figs. 5.21-24). 
In contrast to these two effective modes of shear strain for diminution and 
enhancement in rotation about the ND and TD respectively, the third type of rotation 
about the RD exhibits a somewhat different microstructure. Although it is also one of the 
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reverse shear strain exerting mode similar to that imposed by ND rotation. Having 
somewhat different microstructure in this mode could be due to the ineffective imposition 
of reverse shear strain and rigid body rotation in every alternate pass. In such conditions 
an extra inhomogeneity and splitting in orientations can be expected. This might be the 
reason for higher quantified fraction of microstructural parameters as compared to the 
other two type of rotations used here (Fig. 5.21-24).  
Kamikawa et al. also reported similar kind of behaviour in ARB processing where 
residual shear strain assists in increasing the fraction of HAGB despite having plane 
strain condition at the mid thickness [176]. Similar to the rotation about RD, there is one 
experimental study conducted by Orlov et al. [4] and they also observed a weak texture 
intensity formation as compared to the monotonic asymmetric mode. However, they did 
not study quantification of microstructural parameters and its comparison with two other 
types of rotation in asymmetric mode. Hughes et al. suggested that having fine 
subdivision of grains can lead to a large spread in orientations and might form new 
texture components [56]. In another way it may be conceived that Hughes et al. suggested 
a resultant preferred end texture can also be a weak texture due to fine subdivision of 
grains and large orientation spread. Rotation about the RD also shows a weak resultant 
weak formation as compared to the other two types of rotation, which means that extra 
sub-grain divisions can occur in rotation about the RD direction (Figs 5.3, 5.8-9). 
5.4.2.3 Microstructure evolution in high strain range 
It is observed that the microstructure still consisted of elongated and lamellar 
bands of original grains in symmetric rolling despite having increased thickness reduction 
per pass from 30% to 50% in high strain regime (Fig.5.32, 5.33). This also holds true for 
asymmetric rolling with 30% thickness reduction per pass but not for the increased 
thickness reduction per pass to 50% (Fig. 5.32, 5.33).  
Microstructure of asymmetric rolled sample with 50% thickness reduction per 
pass significantly changed in its appearance which is mainly associated with the 
orientation inhomogeneity and their splitting along with severely deformed regions. 
Hughes et al. suggested that both microstructure and texture mechanism activates and 
their respective evolution when deformation increased from medium to high strain range 
[56, 191].  
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In context to the textural mechanisms, it has been observed that textural variation 
takes place when thickness reduction increases from medium to high strain regime. The 
medium strain range symmetric rolling of steels is usually opted to have a preferred set of 
orientations so that secondary processing of rolled sheet become easier [40, 42, 78]. 
Texture components of resultant rolling texture at medium strain range are not yet at their 
stable end orientation instead they are still rotating towards the stable end orientation. 
Reports from Inagaki suggest that the {223}<110> is the stable end orientation of cold 
rolling of low carbon steels [36]. This orientation {223}<110> was considered to be the 
final stable end orientation of the other two prominent {112}<110> or {111}<110> 
orientations of medium to high strain range rolling. Inagaki also reported in another study 
that whenever a {111}<110> oriented grains are next to any other {111}<uvw> 
orientated grain then {111}<uvw> orientated grain has to rotate and in return it forms 
{111}<110> oriented severely deformed area near to its grain boundary [36].  
Texture study of low carbon steel by Hutchinson also reports that the volume 
fractions of (211)[011], (411)[011], (111)[011] and (100)[112] texture components 
increases sharply in a given order when thickness reduction is increased in between 80 to 
95% for cold rolling [38]. In the same study, he showed that other texture component 
(111)[112]  decreases meanwhile (112)[132] texture component retains its strength in the 
same range of thickness reduction. Recently, Saha et al. also reported similar results on IF 
steel cold rolling in the range 90 to 98% thickness reduction that the orientation 
{111}<112> gradually shifted towards the {111}<110> orientation [192]. 
Based on these earlier studies about the texture development and results obtained 
here at ~89% thickness reduction show that texture is still rotating towards its preferred 
stable end orientations. Texture results obtained here for exlc steel with 30% and 50% 
thickness reduction per pass in symmetric mode also show an increase in the volume 
fraction of {112}<110> orientation and at the same time a decrease in the volume 
fraction of {111}<112> orientation (Fig 5.26, 5.31). It means that a strong/weak rotation 
can be expected in the grains while they are migrating towards their preferred end 
orientation depending on their location and timing with the applied strain. 
After medium strain range rolling, exlc steel already have a mixture of original 
grain bands with high misoriented sub-divisions and some pockets of smooth bands 
where misorientation lies in range of low to medium angle (≤ 10°). On further straining 
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from medium strain rage, shear bands and deformation banding have to reduce their 
inclination angle with the RD as the elongated grains are increasingly become lamellar. 
Meanwhile, areas which are already confined in between number of shear bands and their 
surroundings need to accommodate newly imposed conditions with increase thickness 
reduction as the orientation inside the shear bands are more stable in their inclined 
position [71, 72, 75].  
Simultaneously, microbands are also reorienting into a lamellar structure in 
response to an increased strain and elongation of the grains [56, 191, 193]. In such 
circumstances, an already sub-divided small volume of fragmented grain acts as a single 
entity in the orientation space and reorients itself with relative velocity to its surrounding 
based on their orientations [56]. At a local scale, it might be not necessary for them to 
follow a preferred stable orientation but it is more important to respond their 
surroundings. An example of this kind of evolution at different length scale was marked 
by number 1 in Figure 5.33.  
An activation of small fragments as a single entity of texture volume in unstable 
grains and reorientation of microbands towards the lamellar structure is likely the key for 
simultaneous activation of both microstructural and texture mechanisms. This could be a 
possible reason for why the fraction of HAGB increased up to ~37.25% at ~89% 
thickness reduction from ~21.95% at ~75% thickness reduction in symmetric rolling with 
50% thickness reduction per pass (Fig. 5.36). Hughes et al. also reported that after certain 
amount of strain increment from the medium strain range, texture based deformation 
induced HAGB forms and assists in increasing the fraction of HAGB [56]. Their 
observation in high strain range also supports the earlier hypothesis about the HAGB 
formation. However, despite the increased thickness reduction per pass the fraction of 
HAGB achieved here at ~89% thickness reduction is still in a similar range  as reported 
by Saha et al. on multi-pass cold rolling of IF steel [192]. This result confirms that the 
fraction of HAGB cannot be increased further by increasing thickness reduction per pass 
for a given thickness reduction in symmetric rolling. 
In the case of asymmetric rolling, it was noticed that the fraction of HAGB is high 
(~43.15%) as compared with the symmetric rolling when 50% thickness reduction per 
pass applied. This could be due to two additional things which are taking place in 
asymmetric rolling than the symmetric rolling. It was noticed earlier in medium strain 
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asymmetric rolling that the orientation inhomogeneity and their splitting were high 
compared to the symmetric rolling. It seems that they are still active despite having 
increased elongation and the formation of lamellar bands of original grains. It means that 
the externally imposed geometrical condition in asymmetric rolling is an additional 
resource to assist in orientation inhomogeneity and their splitting which continue to add 
more orientation inhomogeneity as thickness reduction increases. Another factor could be 
the strengthening of the shear texture in comparison with the rolling texture, which 
occurred at ~89% thickness reduction. It can also be inferred from the strengthening in 
shear texture that the effective rotation in orientations is taking place and it might be 
additionally favour the texture assisted mechanisms. A simultaneous occurrence of these 
two factors along with the microstructural mechanism could be the possible reason for 
further sub-division of grains and an increased fraction of HAGB. 
Due to the creation of additional instability by imposed geometric conditions, 
there is a possibility that a stable oriented grain can also become unstable or vice versa. 
This could be the reason for an observation of sub-divisions in Goss {110}<001> 
orientated elongated bands of grains which usually retain a smooth structure. The same 
reason can also justify the presence of very small fractions of highly stable rotated cube 
{001}<110> orientation in asymmetric rolling (Fig. 5.33). 
Despite having same roll asymmetry and final thickness reduction per pass, 
asymmetric rolling with 30% thickness reduction per pass contributes a smaller fraction 
of HAGB then the 50% (Fig.5.36). It can be understood from the rotation of resultant 
texture, which has more resemblance to the symmetric rolling texture at 30% thickness 
reduction per pass. This can also be reaffirmed from the volume fraction of the rotated 
cube {001}<110> orientation which has high strength as observed in the symmetric 
rolling (Fig. 5.26). However, still able to contribute slightly higher fraction of HAGB 
than the symmetric rolling is might be due to the applied roll asymmetry which assists in 
generating additional orientations inhomogeneity and their splitting. Although, it not as 
effective as contributed by the imposed 50% thickness reduction per pass.  
Effect of increased thickness reduction is also reflects in the misorientation plots 
for both types of rolling (Fig.5.37, 5.38). Similar to the studies by Liu et al. [193] and 
Hughes et al. [56, 191], a decrease in pixel to pixel misorientation was observed in 
between 5° to 10° instead of further rise in this range of distribution. According to them, 
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a decrease in misorientation distribution between 5° and 10° is due to the dominance of 
the removal process over the generation of lamellar boundaries. Meanwhile for the 
observation of  a small hump in between 30˚ and 60˚, Hughes et al. suggested that it 
might be due to the preferred texture formation in subdivided grains which become 
preferentially active in the high strain range [56, 191].  
However, Toth et al. plotted the misorientation by considering the next neighbour 
approach to signify the contribution of misorientation build up along the boundary of 
original grain in severely deformed samples [156]. It was suggested that newly formed 
grain or sub-division along the original boundaries would show misorientation above 30˚. 
Usually originally grain boundaries possess such high misorientation angles. Based on 
this approach if misorientation distribution is plotted then a rise in misorientation 
distribution between 30˚ and 60˚occurred can be noticed when rolling was performed 
with 50% thickness reduction per pass. Although an increased high distribution between 
15˚ and 30˚ was also noticed when rolling thickness reduction per pass increased from 
30% to 50% for both types of rolling. According to their hypothesis, it can be said that, at 
~89% thickness reduction with both 30% and 50% reduction per pass, most of the high 
angle misorientation was contributed by the grain internal subdivision than its boundary. 
Though, only a small increased contribution from the grain boundaries can be noticed 
when rolling is performed with 50% thickness reduction per pass in asymmetric case. 
With increased thickness reduction, although the fraction of fine grains (≤ 5μm) 
increased but large fractions of elongated bands of grains between 5μm and 22μm can 
also be noticed in symmetric rolling (Fig. 5.38). This trend remains similar for both 30% 
and 50% thickness reduction per pass, which again confirms that thickness reduction per 
pass does not play a significant role in symmetric rolling to introduce sever conditions of 
grain fragmentation. On the other side, asymmetric rolling represents a significant 
distribution of sub-grain and fine grain below the 5μm in rolling, with 50% thickness 
reduction per pass (Fig. 5.38). However, 30% thickness reduction per pass in asymmetric 
rolling represents only a slightly increased fraction of fine grains (≤ 5μm) and decreased 
fraction of elongated grains (> 5μm) than symmetric rolling. Such a differential 
behaviour in asymmetric rolling with 30% and 50% thickness reduction per pass also 
shows how thickness reduction per pass with increased thickness reduction is significant 
in asymmetric rolling to impose severe condition to have high grain fragmentation. 
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Re-examination of these results with large average grain size (131.0μm) IF steel 
and small average grain size (17.31μm) 0.2C steel with higher fraction of pearlite 
colonies represent the similar trends in quantification of microstructures. Though, 
quantification of the results of these two grades of steels was slightly better than the exlc 
steel which could be due to two reasons. For large grain size, it has been reported that the 
large grains are more prone to orientation inhomogeneity and their splitting as compared 
to the small grain size [36, 56]. While in the case of 0.2C steel, it is perlite colonies which 
forms orientation inhomogeneity in their surrounding area [36]. Fragmentation of these 
perlite colonies increases further with increase in deformation as they exist on the grain 
boundaries. This means that grain subdivision would be higher with an imposed 
geometrical condition of asymmetric rolling. In addition to the imposed condition, the 
increased thickness reduction to ~89%, where both microstructure and texture 
mechanisms are active simultaneously, would further refine and increase the subdivision 
of grains. Under such conditions, it is quite logical to anticipate an improved 
quantification of microstructure in large average grain sized IF steel and small average 
grain sized 0.2C steel than the exlc steel. 
5.5 Conclusions 
In this study, multiple pass symmetric (1:1) and asymmetric rolling (1:2) were 
performed between 10% to 50% thickness reductions per pass. Evolution of texture and 
microstructure were investigated at medium strain range (~75%) and high strain range 
(~89%) thickness reduction. Apart from monotonic rolling, strain path change in 
asymmetric rolling was also considered in medium strain range thickness reduction. The 
following salient points were concluded from the experimental work conducted here: 
5.5.1 Texture 
1) The applied thickness reduction per pass plays an important role for the rotation of 
rolling texture in multi-pass asymmetric rolling than the symmetric rolling. 
2) Despite 30% thickness reduction per pass, the resultant texture of multi-pass 
asymmetric rolling has a high volume fraction of rolling texture components even in 
high strain regime but shows an asymmetric distribution in their volume fraction for 
an equivalent texture component. 
3) With 50% thickness reduction per pass in medium strain range, resultant asymmetric 
rolling texture shows a weak presence of shear texture. Rotated cube (001)[110] and 
f2 (111)[ͳതͳത2] rolling texture components still have reasonably high volume fractions. 
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4) By imposing strain path change about the TD, rotation of rolling texture can be 
enhanced but it is also dependent on the applied thickness reduction per pass. An 
effective reverse shear occurs in rotation about the ND than the RD.  
5) The rotation of resultant texture of asymmetric rolling can be improved further with 
50% thickness reduction per pass in high strain regime. Goss {110}<001> texture 
component is the prominent texture component along with J {110}<112> and D 
{112}<111> texture components. 
6) Initial thickness does not play any significant role in resultant texture development at 
mid thickness in both types of rolling. 
7) The presence of a second phase in high fraction suppresses the intensity of resultant 
texture. 
5.5.2 Microstructure 
1) Quantification of microstructure at medium strain range shows that the fraction of 
deformation induced HAGB remains almost at the same level in symmetric rolling 
than the asymmetric rolling, despite imposing different thickness reduction per pass. 
2) In medium strain rolling, Low angle misorientations distribution (≤ 10°) has an 
increasing trend when small thickness reductions per pass used but it has opposite 
trend tendency when 50% thickness reduction per pass is applied for both types of 
rolling. 
3) Sub-division formation of grains is higher in asymmetric rolling and enhances further 
with increase in thickness reduction per pass than the symmetric rolling.  
4) The effect of strain path change in quantification of microstructure shows small 
improvement as compared to the monotonic mode. Rotation about the RD direction 
provides better results than the other two rotations. 
5) Quantification of microstructure shows that microstructural mechanisms are 
preferentially more active than the texture mechanism in medium strain range rolling 
but both are simultaneously take place in high strain range rolling  
6) The fraction of deformation induced HAGB is high for both types of rolling in high 
strain regime but asymmetric rolling shows an advantage over the symmetric rolling 
with increased thickness reduction per pass.  
7) A high fraction of sub-grain/grain size distribution within ≤ 5μm can be produced in 
asymmetric rolling with 50% thickness reduction per pass than the symmetric rolling. 
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Chapter 6  
Texture and microstructure evolution under warm rolling 
conditions 
6.1 Introduction 
There is vast literature on the effect of rolling temperature on texture and 
microstructure developments in symmetric rolling. However, only a few systematic 
rolling studies comprehensively deal with the influence of temperature range between the 
ambient condition and hot rolling temperature (also known as warm rolling temperature 
range). On asymmetric warm rolling, the literature is further limited.  
From the cold rolling studies on low carbon steels, in Chapter 4 and Chapter 5, it 
was inferred that the effect of roll asymmetry becomes more effective when high roll 
asymmetry and high thickness reduction per pass applied during the processing. This 
chapter highlights the results of asymmetric rolled low carbon steels in comparison with 
the symmetric rolling. Here, emphasis was given on the texture and microstructural 
development. 
6.2 Materials and methodology 
The materials, that were used for the cold rolling study in Chapter 5 is taken for 
the warm rolling schedules. An initial 5mm thick sheet was rolled to ~75% thickness 
reduction per pass in both symmetric and asymmetric rolling. This thickness reduction 
per pass was chosen for the two reasons: it was observed in Chapter 4 that single pass 
rolling in the range of 65% to 75% is more effective to impose close to the ideal shear 
texture through the thickness and according to the literature ~65% to 75% thickness 
reduction involves low adiabatic reheating between passes. 
Three different rolling temperatures (250˚C, 450˚C and 600˚C) were chosen to 
observe the characteristic behavioural changes in the rolling of low carbon steels. 
Samples were kept for 30 to 45 minutes in a furnace (equipped with inert gas facility) 
before performing rolling in order to homogenise them. Furnace temperature was kept 
around 30˚C higher than the predefined temperature to compensate the loss of 
temperature while transferring sample from furnace to the rolling mill. After rolling, the 
samples were air cooled and some additional samples were immediately water quenched 
within 2 to 4 seconds. Rolling were also performed at ambient temperature for both the 
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exlc steel and IF steel but not for the 0.2C steel due to the limiting loading capacity of 
rolling at certain thickness reduction.  
Similar to the Chapter 4 and Chapter 5 roll asymmetry was provided by varying 
roll diameters ratio at 1:1, 1:1.3, 1:1.6 and 1:2. Here ratio 1:1 (Symmetric rolling) and 1:2 
(Asymmetric rolling) were generally used and ratios 1:1.3 and 1:1.6 were considered 
where needed to comparison purposes. 
6.3 Results 
6.3.1 Texture evolution in warm rolling temperature range 
Texture results are represented in φ2=45˚ sections of ODFs with an increase in 
temperature at a given ~75% thickness reduction per pass for all three grades of low 
carbon steels (Fig. 6.1a-c). It can be noticed that the texture intensity is strengthening as 
temperature increases from ambient temperature to 600˚C.  ODF sections of symmetric 
rolling show that a significant sharpening in the rolling texture occurs in 0.2C steel as the 
rolling temperature increases (Fig. 6.1c). The increasing trend in rolling texture 
sharpening also occurs in exlc steel whereas in IF steel it remains unchanged (Fig. 6.1a 
and b). Apart from the sharpening in rolling texture, it is noted that both α and γ fibres 
were strengthened as the temperature increased for exlc steel and 0.2C steel in symmetric 
rolling (Fig. 6.1a and b). However, fibres in IF steel show that strength of α fibre intensity 
decreases as the temperature increased up to 450˚C but raises again at 600˚C. Meanwhile, 
the strength along the γ fibre remains unchanged at all the rolling temperatures (Fig. 
6.1c). Similar to the rolling texture, the sharpening in shear texture is also increases with 
the rolling temperature for the asymmetric rolling. 
From the volume fractions quantification, it is observed in symmetric rolling that 
the volume fraction of rolling texture component i {112}<110> of α fibre decreases till 
450˚C but regains as temperature increases to 600˚C in all three grades of steels (Figs 
6.2a-d). In particular, exlc and 0.2C steel retain lower volume fraction of i {112}<110> 
texture component at 250˚C and 450˚C whereas IF steel shows lowest intensity at 250˚C 
and regains at 450˚C and above. 
Another important texture component is the rotated cube {001}<110> in α fibre. 
This component increases significantly as the rolling temperature increases to 600˚C in 
0.2C and exlc steel (Figs. 6.2a-d). Though, a slight decrease can also be noticed for the 
exlc steel at 600˚C as compared to its volume fraction at 450˚C. Meanwhile, IF steel 
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represents reverse trend as the temperature increased up to 450˚C, the volume fraction of 
rotated cube decreases from that observed at ambient condition and 250˚C. However, at 
600˚C, the volume fraction regains back to the value at ambient conditions rather than 
achieving high volume fraction as observed in the rolling of exlc and 0.2C steels (Fig. 
6.2a-d). 
In comparison to other texture components along α and γ fibres, volume fraction 
of texture components {111}<112> and {111}<110> in the γ fibre show increment in the 
IF steel over the other two grades of steels following 250˚C rolling. Further increase in 
temperature does not make any significant change in the volume fraction of these texture 
components for the IF steel but a slight enhancement is noticed in the exlc steel. In 0.2C 
steel, a continuous increasing trend in the volume fraction of these texture components 
were observed as the temperature rises from 250˚C to 600˚C.  
The trends in the volume fraction of shear texture components in asymmetric 
rolling can be observed in Figure 6.3a-d. It can be noticed that the IF steel shows 
strengthening in volume fractions of Goss (F) {110}<001>, D {112}<111> and J 
{110}<112> texture components as the temperature increases up to the 600˚C. Among 
the shear texture components, the Goss orientation dominates at all the temperatures. 
Meanwhile, exlc and 0.2C steels have increasing trend in their volume fraction till 
450˚C (Figs. 6.3a-d). In particular, the exlc steel has the similar trends in volume fraction 
of texture components as IF steel represents. A further increase in temperature to 600˚C 
does not make change in already high volume fraction of the D {112}<111> component 
for the exlc and 0.2C steel. However E {110}<ͳത11> component increase its volume 
fraction while the other components show a decrease in their volume fractions. It is also 
noted that the volume fraction of Goss {110}<001> component in both exlc and 0.2C 
steel mostly remains less than the IF steel at all rolling temperatures. 
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Figure 6.1: φ2=45˚ sections of ODFs at various temperatures in symmetric and 
asymmetric rolling of  (a) exlc steel (b) IF steel and (c) 0.2C steel. 
 
 
 
 
 
 
Chapter 6: Texture and microstructure evolution under warm rolling conditions 
194 
 
 
 
 
 
 
 
Chapter 6: Texture and microstructure evolution under warm rolling conditions 
195 
 
 
 
Figure 6.2: Volume fraction of rolling texture components at (a) ambient temperature (b) 
250˚C (c) 450˚C and 600˚C in symmetric rolling (1:1) of IF steel, exlc steel and 0.2C 
steel. 
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Figure 6.3: Volume fraction of shear texture components at (a) ambient temperature (b) 
250˚C (c) 450˚C and (d) 600˚C in asymmetric rolling (1:2) of IF steel, exlc steel and 0.2C 
steel. 
 
6.3.2 Microstrucutre evolution in warm rolling temperature range 
Effect of increasing temperature in rolling can be noticed more evidently in 
microstructures than the texture results. Microstructure of exlc steel was examined in 
details along with the other two grades which were used for comparison purpose at 
deformation temperatures. 
In symmetric rolling, the fraction of shear bands, orientation splitting and other 
inhomogeneity in microstructure reduced significantly as the deformation temperature 
increases to 450˚C and above (Fig. 6.5a, 6.6a). The shear band formation and grain 
subdivision along them increases around 250˚C than that at room temperature and over 
450˚C rolling (Fig. 4.8 and 6.4a). The microstructure at 600˚C has almost no sight of such 
band formation. Apart from the elongated bands of initial original grains, newly formed 
tiny grains can also be observed along the elongated grain boundaries (Fig. 6.6a). 
However, these few tiny grins are insignificant when we consider whole IPF map at 
600˚C. 
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Asymmetric rolled samples represent different microstructures than the symmetric 
rolling. It is observed that the orientation splitting and other inhomogeneity in 
microstructure become more prevalent at 250°C than the room temperature rolling 
(Fig.6.4b). Although, there are signs of recovery in microstructure also exist. With 
increase in temperature to 450˚C, the presence of deformation bands are still very 
frequently observed as compared to the symmetric rolling where very few sights of shear 
bands and deformation bands remains. At this temperature, the tendency to have high 
recovery and increased fraction of newly formed fine recrystallized grains can also be 
seen in deformed microstructure. It seems that the polygonised fine grains were very 
promptly forming in the vicinities of elongated original grain bands and along the 
deformation bands, shear bands etc. (Fig. 6.5b). 
Microstructure of asymmetric rolling at higher temperatures (~600°C) is quite 
different as compared to the 450°C and the symmetric rolling. It is quite evident that 
there are large polygonised grains of ~10 to 15μm size that were grown mainly along the 
grain boundaries (Fig. 6.6b). Though, the occurrence of deformation bands was reduced 
significantly as compared to the rolling at 450°C. In comparison with symmetric rolled 
sample it can be noticed that not only the large fraction of new grains are formed along 
the elongated bands of original grains but also these elongated bands become thinner. It 
means that grain aspect ratio in asymmetric rolled sample is still better than the 
symmetric rolled sample despite conducting rolling at 600˚C whereby microstructures 
become soften and flow stress get reduced. 
The results in 0.2C steel were analogous to the exlc steel at all the temperatures 
except some differences related to the high fraction of pearlite colonies. The 
microstructure at 250˚C symmetric rolling consists of elongated bands of ferrite grains 
and colonies of pearlite that have not been elongated much (Fig. 6.7a). While, it seems 
that the asymmetric rolled sample shows the high elongation of both ferrite grains and the 
pearlite colonies (Fig. 6.7b). In addition, the asymmetric rolled sample also possesses 
newly formed and recovered polygonised grains. With an increment in temperature up to 
the 600˚C, the pearlite colonies still remain intact and at a few places partial 
polygonization and spheroidization of them are also observed in symmetric rolling (Figs. 
6.8a, 6.9a). However, an almost complete polygonization of pearlite colonies and 
spheroidization of cementite occur in asymmetric rolling (Fig. 6.8b, 6.9b). A high 
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fraction of newly formed fine grains can also be seen in asymmetric rolled sample, a 
feature that is not present in symmetric rolling at this temperature (Fig. 6.8b). 
In comparison to the exlc and 0.2C steels, microstructure evolution is different in 
IF steel with increase in temperature. A significant difference in microstructure is also 
become evident in the symmetrically rolled samples that the deformation bands and 
especially shear bands are present even at 600˚C (Fig. 6.10a, 6.11a). The formation of 
these bands and orientation splitting are quite evident in asymmetric rolled sample till 
600˚C as observed in lower temperature rolling (Fig. 6.10b, 6.11b). Apparently, it is also 
become difficult to say whether new grains are forming or growing along the elongated 
original grain boundaries due to the significant presence of shear bands, deformation 
bands and other inhomogeneity in the microstructure. 
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Figure 6.4: IPF maps of (a) symmetric rolled and (b) asymmetric rolled exlc steel at 250˚C and air cooled. 
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Figure 6.5: IPF maps of (a) symmetric rolled and (b) asymmetric rolled exlc steel at 450˚C and air cooled. 
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Figure 6.6: IPF maps of (a) symmetric rolled and (b) asymmetric rolled exlc steel at 600˚C and air cooled. 
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Figure 6.7: IPF maps of (a) symmetric rolled and (b) asymmetric rolled 0.2C steel at 250˚C and air cooled.
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Figure 6.8: IPF maps of (a) symmetric rolled and (b) asymmetric rolled 0.2C steel at 600˚C and air cooled.
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Figure 6.9: Angle selective Backscattered (AsB) imaging of pearlite colony at 600˚C in 
(a) symmetric rolling (b) asymmetric rolling of 0.2C steel. 
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Figure 6.10: IPF maps of (a) symmetric rolled and (b) asymmetric rolled IF steel at 250˚C and air cooled. 
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Figure 6.11: IPF maps of (a) symmetric rolled and (b) asymmetric rolled exlc steel at 600˚C and air cooled. 
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6.3.2.1 Quantitative measurements of micorstructure in warm rolling conditions 
From the microstructures in warm rolled exlc steel it is noticed that the fraction of 
HAGB decreases in asymmetric rolled samples than the symmetric rolling, whereby the 
fraction increases as the temperature rises up to 600˚C (Fig. 6.12). Though, the fraction of 
HAGB is still remains high in asymmetric rolling as compared to the symmetric rolling. 
A major change in the fraction of grain boundaries can be observed when temperature 
increases from 450˚C to 600˚C. Similarly, it is noted by plotting pixel to pixel 
(correlated) misorientation distribution that the fraction of misorientation lower than 10˚ 
increases as the temperature risen up to the 600˚C in the asymmetric rolling (Fig. 6.13). 
However, a reverse trend is noticed in the symmetric rolling (Fig. 6.14). In addition, next 
neighbour misorientation distribution highlights that the misorientation in 15˚ to 30˚ 
range is declining and above 30˚ begin to increase at 450˚C and above temperature in 
asymmetric rolling (Fig. 6.15). Meanwhile, the symmetric rolling represents insignificant 
dependence on temperature variation in misorientation distributions plot (Fig. 6.16). 
In 0.2C steel, the fraction of HAGB also decreases till 450˚C and then increases 
again up to the 600˚C following both types of rolling (Fig. 6.17a). Although, rolling was 
not conducted at room temperature but it can assumed that the results would be similar to 
that in the exlc steel. In misorientation distribution plots, not notable variation found with 
increase in temperature for the symmetric rolling (Figs. 6.14 and 6.16). However, 
asymmetric rolled sample shows a variation in misorientation distribution plots when 
temperature increased to 600˚C than the rolling at 250˚C temperature (Figs. 6.13 and 
6.15). From these plots, it seems that there is a small influence of temperature on the 
misorientation distributions when temperature increased to 450˚C and above. 
Similar to exlc and 0.2C steels, IF steel also represents decreasing trend in the 
fraction of HAGB till 450˚C, and rises again when temperature increased to 600˚C in 
asymmetric rolling (Fig.6.17b). From Figure 6.17b, it seems that the influence of 
temperature is insignificant in the fraction of HAGB in symmetric rolling between 250˚C 
and 600˚C. Observation in regard to the misorientation plots shows that the fraction of 
pixel to pixel misorientation below 10˚ increases till 250˚C but decreases again as 
temperature increases up to 600˚C (Fig. 6.13). Similar trends were also represented in the 
next neighbour distribution in the asymmetric rolling (Fig. 6.15). Misorientation results in 
symmetric rolling shows that with an increase in temperature, the fraction of 
misorientations below 10˚ in pixel to pixel (correlated) distribution has a decreasing trend 
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and above 15˚ remains unchanged (Fig. 6.14). In case of next neighbour distribution, only 
a subtle change found with an increase in temperature (Fig. 6.16). 
 
 
 
Figure 6.12: Fraction of low angle and high angle grain boundaries in warm (a) 
asymmetric rolling (b) symmetric rolling of exlc steel. 
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Figure 6.13: Pixel to pixel misorientation angle distribution in warm asymmetric rolling 
for (a) exlc steel (b) 0.2C steel and (c) IF steel. 
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Figure 6.14: Pixel to pixel misorientation angle distribution in warm symmetric rolling 
for (a) exlc steel (b) 0.2C steel and (c) IF steel. 
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Figure 6.15: Next neighbour misorientation angle distribution in warm asymmetric 
rolling for (a) exlc steel (b) 0.2C steel and (c) IF steel. 
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Figure 6.16: Next neighbour misorientation angle distribution in warm symmetric rolling 
for (a) exlc steel (b) 0.2C steel and (c) IF steel. 
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Figure 6.17: Fraction of low angle and high angle grain boundaries in warm 
asymmetric/symmetric rolling of (a) 0.2C steel and (b) IF steel. 
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6.4 Discussion 
6.4.1 Influence of warm rolling temperature on the texture 
From the results of bulk texture measurements, it has been observed that the 
sharpness/intensity of texture strengthened as the rolling temperature increased from the 
ambient condition to 600˚C. However, it is also noted that the sharpness of texture 
strengthened significantly as the temperature of rolling increased for exlc and 0.2C steels 
than the IF steel. Although, overall nature of texture formation is still in good agreement 
with the cold rolling despite increasing temperature till 600˚C for both types of rolling 
and all three grades of steels (Fig.6.1a-c). 
Earlier studies in symmetric rolling of these steels report that till 600˚C, mostly 
dynamic recovery takes place than the recrystallization, so the evolved texture has more 
similarity with the cold rolling textures [90, 91, 194]. An increase in texture sharpness 
with temperature can be understood from the decreases in flow stress which facilitate an 
ease in imposed deformation condition [90]. However, depending on the alloying 
elements in matrix, it has also been reported that flow stress increases rather than 
decrease in certain range of temperature due to the dynamic strain aging effect (DSA) in 
low carbon steels [90, 97, 103, 195]. 
6.4.1.1 Symmetric rolling 
Rolling at 250˚C 
Results obtained in symmetric rolling of low carbon steels and IF steels show that 
the sharpness of texture slightly increased at 250˚C as compared to the ambient 
temperature rolling (Fig. 6.1a and c). These results of increment in sharpness of texture 
intensity also have a good agreement with the volume fraction of prominent rolling 
texture component when they are summed together for a given temperature (Fig. 6.2a and 
b). However, Barnett et al. observed a decrease in the sharpness of texture as compared to 
the ambient condition of rolling when rolling was performed in temperature range of 
100˚C and 350˚C for 0.014%C- 0.016%C LC steels than the IF steel [90]. A decrease in 
sharpness of texture was connected to the increase in flow stress due to the DSA effect 
for LC steels. A difference in the trends of sharpness of the resultant texture in symmetric 
rolling and that reported by Barnett et al. [90] in DSA range could be due to the following 
two reasons: 
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Rolling parameters point of view – In the current study, about ~75% thickness 
reduction per pass at strain rate of ~7.5x10+2 s-1 was used in the rolling schedules. In 
addition, rolling was performed without lubrication. Whereas, their results (Barnett et al.) 
were obtained from ~65% thickness reduction per pass with an equivalent strain rate of 
~10+1 s-1 and lubricant was applied in rolling. 
It has been reported that an increase in strain rate shifts the DSA temperature to 
higher range and also reduces expected DSA temperature range interval [105]. Due to 
this tendency, it is possible that the temperature (250˚C) used in this study might have 
missed the effective DSA range. 
Apart from the tendency i.e. shift and shrink in DSA range, It might be the 
increased strength of rotated cube {001}<110> orientation in no lubrication conditions 
[82, 196]. Although, rolling in these studies were not performed in the similar conditions 
of rolling as used here. An increased strengthening of rotated cube {001}<110> seems 
more promising reason as it was the one of the texture component among the three rolling 
texture components which were chosen by Barnett et al. [90]. In their work, rotated cube 
{001}<110> component shows a decrease rather than increase in the intensity as 
temperature increased between 100˚C and 350˚C. Meanwhile, other two chosen texture 
components {112}<110> and {111}<112> by them represents similar trends as observed 
here (Fig. 6.2b and c). 
Composition point of view - Reports on flow stress in terms of strain rate 
sensitivity suggest that the peak value of DSA effect and its broadness also depends on 
the composition of low carbon steels despite having similar deformation conditions [97, 
98, 197]. 
However, if prominent rolling texture components are examined individually in 
exlc and IF steel at 250˚C as compared to the ambient condition then it is noted that the 
volume fraction of them varies at different degrees individually in both steels. A decrease 
in {112}<110> component and retaining a prominent presence of γ fibre components as 
compared to the ambient temperature can be understood from the modelling work by 
Houtte et al. [198]. According to them, such trends in resultant texture can form when 
pancake based model applied in rolling with possible activation of {112}<111> slip 
system along with {110}<111> as a major slip system than the full constraint Taylor 
model. Meanwhile, strengthening in rotated cube {001}<110> component in 
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experimental results here also emphasize the activation of {112}<111> slip system as 
Houtte et al. predicted in their simulation work [198]. From this, it can be inferred that an 
increase in temperature activates another {112}<111> slip system in addition to the 
{110}<111> slip system to ease the increased deformation at 250˚C. An activation of 
{112}<111> slip system was also suggested in the TEM based studies of warm rolling 
where more frequent observation of {112} aligned extended dislocation boundaries were 
made than the {110} type boundaries [101]. 
A strong presence of rotated cube {001}<110> can also be understood from their 
rotation relationship with {112}<110> orientations and their rotation towards this 
component as deformation increases [36, 93]. By taking an account of these studies, 
strengthening in rotated cube {001}<110> and decrease in {112}<110> component 
implies that rotated cube {001}<110> can become more stable despite the flow 
localization at 250°C. A strong presence of rotated cube {001}<110> can also be 
anticipated from the strain path change study by Böcker et al. where they reported that 
the rotated cube has four fold symmetry and a tendency to spread out more in rolling 
direction than the normal and transverse directions [111]. This kind of behaviour of 
rotated cube {001}<110> component also qualifies the very first assumption of relaxed 
misfit criteria made about the pancake model [198]. Based on these studies, it is quite 
logical that rotated cube can become major texture component with increase in 
temperature during rolling. 
Although, in IF steel, it is noted that the rotated cube {001}<110> component 
become slightly weak instead of strengthening further with a decrease in the volume 
faction of {112}<110> component. It could be due to the higher orientation splitting and 
inhomogeneity within grains itself as grain size of IF steel was about ~131μm compared 
to exlc steel where average grain size was about ~36μm used. Albeit, earlier studies show 
that overall texture is not much affected by the grain size in rolling [36, 184]. But, most 
of these studies were performed with smaller thickness reduction per pass, not with 
higher thickness reduction per pass which is used here. 
While, in case of 0.2C steel, same texture components and overall resultant 
texture show weak texture intensity as compared to the exlc and IF steels. Such behaviour 
of 0.2C steel can be anticipated from the higher amount of pearlite colonies which 
confines the spread of pro-eutectoid ferrite grains. An increase in the temperature further 
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activates the movement of trapped carbon of cementite to increase the flow localization at 
the grain boundaries and in result more inhomogeneity in orientations [36, 80, 92, 93]. 
This increased inhomogeneity in orientations additionally hinders the rotation of grains 
towards their stable orientation. 
Rolling at 450˚C and above 
According to earlier studies, one of the reasons for strengthening in resultant 
texture could be the increased strain rate sensitivity which decreases the flow localization 
and softens the material. For the low carbon steels, it has been observed that the strain 
rate sensitivity not only changes its sign from negative to positive but also increases 
significantly as compared to the IF steel [90, 91, 97]. Meanwhile, only a small increment 
in strain rate sensitivity takes place in IF steel and that is also remain positive at all the 
temperature (Fig.6.18). 
 
 
Figure 6.18: Effect of increase in temperature on the strain rate sensitivity of exlc 
(0.02%C) steel and IF steel [97]. 
Another reason of increased strength in resultant texture might be the activation of 
more number of slip systems and the recovery of deformed microstructure at higher 
temperatures [101]. It has been reported in the literature of low carbon steels that around 
this temperature range, cementite begins to spheroidized under the simultaneous 
application of high strain and increase in temperature [102, 199]. In result of initialization 
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of spheroidization, lamellar ferrite grains which were earlier confined between the plates 
of cementite in perlite colony rearrange themselves and ease the deformation condition 
for their own colony and its surrounded hypo-eutectoid ferrite grains [102]. While, 
studies on polygonization report that rearrangement of dislocation cells take place in sub 
grains without any major change in orientation which can assist in sharping of the texture. 
A further strengthening in texture at 600˚C of 0.2C steel can be anticipated from 
increased spheroidization and polygonization as the fraction of pearlite colonies is higher 
in 0.2C steel. Meanwhile, 0.03C steel has very less cementite and no cementite in IF steel 
so their texture strength remains at the similar level as observed at 450˚C. 
6.4.1.2 Asymmetric rolling 
Similar to the sharpening of rolling texture and increase in the volume fraction of 
texture components in symmetric rolling, resultant texture of asymmetric rolling also 
represents dependence on the temperature increase. However, an increment in strength of 
shear texture is not that prominent as observed in symmetric rolling. In regards to it, 
results in Chapter-4 and 5 has already pointed out that the nature of resultant texture in 
asymmetric rolling depends on the effectiveness of the applied shear strain over the 
rolling strain and the rigid body rotation.  
By increasing temperature from ambient condition to 250˚C, It is noted that shear 
texture strengthen in both exlc steel and IF steel than the 0.2C steel (Figure 6.1a,b and c). 
A typical shear type texture with prominent texture components F {110}<001>, J 
{110}<112> and D {112}<111> in their descending order forms as reported in torsion 
test [148]. Despite higher pearlite content, volume fractions of shear texture components 
of 0.2C steel also have a similar values as compared to the exlc steel except the D 
{112}<111> component where difference is higher between these two steels (Fig. 6.3b). 
Strengthening in texture at this stage can be correlated to the increment in softness of 
material: 
x Increased softness of material which facilitates ease in effective implication of 
shear strain to rotate texture from rolling to shear texture. Discrete studies on 
asymmetric rolling of fcc and hcp metals also support the increment in effective shear 
strain implication by the increased temperature [14, 137]. Figure 6.3b also reflects 
that the volume fraction of texture components which belongs the same family of 
equivalent orientation show a very less asymmetry in their representation. 
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Strengthening in D2 (112)[11ͳത] texture component along with the D1 (112)[ͳതͳത1] 
further affirms the idea of effectiveness of shear strain with temperature as torsion 
based studies also showed that D2 component strengthen when shear strain increases 
[148, 200]. 
With further increase in temperature to 450˚C or above, resultant shear texture 
strengthen for all three types of steels as compared to 250˚C (Fig.6.3c). Even, IF steel 
shows further strengthen in shear texture components as compared to the symmetric 
rolling in similar conditions where it represents a very small variation in the 
strengthening of rolling texture components. It means that the resultant texture in 
asymmetric rolling has not yet reached ideal position of shear texture and an increased 
softening of material assisting in the rotation of texture. Although, in case of IF steel, 
weakening in strength of Goss component {110}<001> is observed as compared to the 
250˚C and below temperature. Such a weakening in Goss component can be connected 
with similar weakening as observed in rotated cube {001}<110> component of 
symmetric rolling (Fig 6.2c). As strength of Goss component is also dependent on the 
strength of rotated cube by rotation along the TD axis [75, 166]. Apart from softening, 
increased strain rate sensitivity at 450˚C which connected to the reduction in the flow 
stress can also be considered for the exlc and 0.2C steels for strengthening in shear 
texture. 
With raised temperature to 600˚C, although overall resultant texture for IF steel is 
similar to 450˚C but shows a slight variation in volume fractions of shear texture 
components (Fig.6.3d). This difference mainly in terms of having strengthening in D2 
(112)[11ͳത] texture component than the D1 (112)[ͳതͳത1] component which was dominant 
till now and regaining strength in {110}<001> Goss component. Baczynski et al. also 
observed strengthening in D2 (112)[11ͳത] component at 600˚C for high strain values and 
at high temperature with smaller strain values in torsion test of IF steels as applied here 
[148, 200]. Although they attributed strengthening in D2 (112)[11ͳത] component at 600˚C 
to the initiation of dynamic recrystallization. However, an initiation of dynamic 
recrystallization might not be considered here but an occurrence of dynamic recovery 
cannot be denied as samples were air cooled after the warm rolling [90, 91]. Meanwhile 
resultant texture of both exlc steel and 0.2C steel not only differs from IF steel but also 
from their own resultant texture as observed at lower temperatures here. For such a 
difference, following thing can be considered: 
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x It can be due to the partial static recrystallization which is taking place along 
with dynamic recovery at this temperature as rolled material was air cooled (see Fig. 
6.6b and 6.8b). Fine recrystallized grains from the initiation of static recrystallization 
can also be observed at 450˚C (Fig. 6.5b). 
6.4.2 Influence of warm rolling temperature on the microstructure development 
6.4.2.1 Symmetric rolling 
From microstructural observations in IPF maps of symmetric rolled exlc and IF 
steel, it is noticed that these results are in good agreements with earlier studies in the 
same temperature range (Figs. 6.4a-6.6a) [90, 91, 99]. It means that the frequent presence 
of deformation bands and shear bands reduces as the temperature approaches to 450˚C 
and almost vanishes when temperature increases to 600˚C for exlc steel. Meanwhile, they 
prevail in IF steel at all the temperatures which used here. Such a behaviour of banding in 
exlc steel is connected to the dislocations pinning effect due to the interactions between 
solute atoms and dislocations till ~450˚C [90]. Whereas, at higher temperature, kinetics 
of dislocations is sufficient enough that solute atoms would unable to impede them. In 
case of IF steel, it is suggested that the solute concentration is not enough to create such 
interactions between them and dislocations to create any extra flow localizations [90, 91, 
99]. 
Humphrey et al. also reported in their study that there is no occurrence of hump in 
flow stress curve of IF steel and it steadily decreases as the applied temperature increased 
from ambient temperature to 600˚C or above [97]. Meanwhile, in exlc steel, it has been 
shown that a hump in flow stress around 250°C occurs as compared to the room 
temperature value before it begins to decrease with slightly higher slope as compared to 
IF steel [97]. This kind of flow stress behaviour with temperature also shows a good 
agreement with change in fraction of banding in these two steels [90, 99]. Warm rolling 
behaviour of 0.2C steel has more similarity with the rolling of exlc steel at all the 
temperature used here. Although it seems that flow stresses around 250˚C is high enough 
than the exlc steel that the rolled sheet edge cracked severely every time. Apart from the 
increased carbon content in form of lamellar cementite as compared to the exlc steel, a 
high strain rate (~10+2) might also be another reason for increased flow stress due to 
which edge cracking occurred at this temperature [197]. Though, the increased strain rate 
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raises deformation heating as well during processing so more grain softening can also be 
expected simultaneously. 
A connection between flow stress, banding and strain rate sensitivity in warm 
rolling of low carbon steels and IF steels is also noted in misorientation distribution and 
grain boundaries distribution (Figs. 6.12, 6.14, 6.16 and 6.17). Although, there is not 
much significant change occurs in pixel to pixel misorientation distribution between 
250˚C to 600˚C as compared to the temperature raised from ambient temperature to 
250˚C. A decrease in peak value between 5˚ to 10˚of pixel to pixel misorientation 
distribution at 250˚C in both low carbon steels can be anticipated from an increase in 
banding which increases the fraction of HAGB. Whereas in IF steel, flow stress decreases 
with increase in temperature which ease in applying deformation and simultaneously no 
recovery at 250˚C could be the reason for increase in this value. However, only a small 
variation in this value further takes place with increase in temperature to 450˚C and 
above. This could be due to the substructure rearrangement as recovery begin to take 
place at the increased temperature so misorientation might have decreased around 5˚ or 
below which is usually observed between cell walls [55, 58, 60]. 
Analysis of next neighbour misorientation distributions are also in agreement with 
pixel to pixel misorientation distribution as there is not much sub grain/grain formation 
along the grain boundaries of elongated grains (Fig. 6.14 and 6.16). 
These results of misorientation can also be affirmed with the grain boundary 
distribution as well which represents similar trends in the fraction of LAGB between 3˚ to 
10˚ (Fig. 6.12 and 6.17). Meanwhile, HAGB fraction in grain boundary distribution also 
shows a good agreement with the trends in flow stress and banding behaviour as 
temperature rises in all three grades of steels. 
6.4.2.2 Asymmetric rolling 
When it comes to the microstructure of asymmetric rolling then a quite contrast 
can be observed with respect to the symmetric rolling at all the chosen temperatures. 
Such a difference in microstructures mainly attributed to the respective deformation 
geometry imposed by both types of rolling as mentioned earlier in the cold rolling work. 
Here, imposed parameters in asymmetric rolling exert more inclination towards the 
torsion type mechanism than the plane strain compression. In such circumstance, one 
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thing additionally works for the change in microstructure as compared to the symmetric 
rolling is the applied deformation mode: 
x As Hughes et al. reported that grain shape does not remain flat in torsion which 
is a common feature of rolled material. Due to such change in deformation mode, on 
average 27 HAGB per grain can be formed in torsion than the 3-4 HAGB in rolling 
when medium to high strain applied [56]. Although their work dealt with TEM based 
study but still it gives an idea about the difference in inhomogeneity and deformation 
banding etc. can be developed in these two processes.  
Under the influence of temperature, material softens and grains get elongated 
similar to the symmetric rolling but deformation mode in the form of imposed 
asymmetry still able to create deformation inhomogeneity and in result, deformation 
banding is quite prominent even around 450˚C in exlc steel (Fig. 6.5b). Though, the 
fraction of deformation inhomogeneity and splitting reduced as compared to the 250˚C. 
In addition to the material softening with increased temperature, it is texture softening 
as well which facilitate ease in their rotation towards preferred orientation. That is why 
it can be seen that grains with Goss {110}<001> orientation (a stable end orientation) in 
shearing shows very less fragmentation as the temperature increases  250˚C and above 
(Fig. 6.4b and 6.5b).  
Another significant difference in microstructures of symmetric and asymmetric 
rolling is the polygonization and formation of recrystallized grains from 450˚C onwards 
in exlc steels. Meanwhile, it seems that their formation already initiated at 250˚C in 
asymmetric rolling of 0.2C steel (Fig 6.7b). However, these samples are air cooled so it 
can be considered that they are statically recrystallized along with dynamic recovery 
which polygonised the microstructure. An absence of these features in symmetric 
rolling indicates that dynamic behaviour is less severe than the asymmetric rolling. A 
difference in dynamic conditions can be anticipated from their approximated equivalent 
strain and strain rate imparted in their cold rolling which were measured by inserting 
pins (Figs. 6.19 and 6.20). These Figures (redrawn from Chapter-4) points out that both 
equivalent strain and strain rate are almost double in asymmetric rolling despite being 
having similar l/h parameter in both types of rolling. Under these conditions, a small 
contribution from deformation heating cannot also be neglected. Studies report that the 
behaviour of a material deformed in plane strain condition and in torsion condition 
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differs due to their imposed mechanisms therefore microstructural changes in a material 
cannot be exactly compared with each other [56]. 
                      
Figure 6.19: Equivalent strain at mid thickness from inclination of inserted pins (θ) and 
theoretical equations. 
    
Figure 6.20: Approximated values of l/h parameter and strain rate with different roll 
diameters ratio at varying thickness reduction per pass. 
In regards to the recrystallized grains formation by consideration of static 
recrystallization after dynamic loading seems a bit convincing at 450˚C and below. 
Although, few studies suggest that dynamic recrystallization might also be the possible 
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mechanism for their formation at least around 600°C under such dynamic and severe 
deformation conditions [148, 200-202]. In order to examine it, an extra experiment was 
designed to carry out at 600°C with different roll diameters ratio from 1:1 to 1:2 in order 
to vary equivalent strain and strain rate along with immediate water quenching within 2-4 
seconds after processing (Figs. 6.21 and 6.22). 
From Figures 6.21 and 6.22, it is evident that there is no sign of formation of any 
fine recrystallized grains in symmetric rolling (1:1). However, as the roll diameters ratio 
gradually increased from 1:1 to 1:1.3 and later to 1:2, very fine equiaxed recrystallized 
grain formation become noticeable in the vicinity of grain boundaries than the interiors of 
elongated grains (Fig. 6.22). By defining a criterion of 15˚ as a minimum misorientation 
angle to separate a grain from its surrounding and same time considering misorientation 
less than 2˚ inside a grain for substructure then about 7-9% fraction of recrystallized 
grains obtained at 600˚C with 1:2 diameter ratio. Figure 6.22 shows recrystallized grains 
in blue and three types of grain boundaries represented with red (2˚≥ misorientation ≤ 
10˚), green (10˚> misorientation <15˚) and black (misorientation ≥15˚). From these 
results, it can be inferred that asymmetric rolling assist in the development of 
inhomogeneity at the grain boundaries by which recrystallized grains were formed 
despite having 600˚C temperature of rolling where both material and texture softening 
occurs simultaneously. 
Although, it can also be argued that the small fraction of recrystallized grains 
formed here are due to the static recrystallization than the dynamic recrystallization. By 
considering the fact that during rolling process, sheet remains in air for a while until 
whole sheet pass through the rolls. Remaining in air during rolling is an additional time 
before quenching the sample so it seems possible that fine equiaxed recrystallization 
grains might be developed during this period of time. Apart from increased dynamic 
nature of rolling with varying asymmetry, this experiment is also in good agreement with 
other studies that the grain boundaries and their junctions are the major sites where 
recrystallization occurs first [93, 202]. 
Similar to the air cooled exlc steel after rolling at 600˚C, 0.2C steel also has 
significant fraction of recrystallized grains than the exlc steel which are formed along the 
boundaries of elongated grain bands. An increased fraction of recrystallized grains in 
0.2C steel can be attributed to the amount of carbon content which under the dynamic 
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condition of asymmetric rolling spheroidized from their lamellae morphology. It means 
that there would be a dissolution and redistribution of carbon in former pearlite colonies.  
Raabe et al. reported on the heavy warm deformation of 0.36C steel that one of 
the reason for high fraction of HAGB and recrystallization to occur was the difference in 
distribution of carbon atoms in pro-eutectoid ferrites and in the area of former perlite 
colonies [102]. In addition, it has been suggested that, in warm deformation, 
decomposition of cementite particles hinders softening of ferrite in former perlite 
colonies than the pro-eutectoid ferrites where rearrangement of dislocations can take 
place with ease in form of low angle grain boundaries [102]. It means that in 
recrystallization stage, an advantage favoured on these sites for recrystallized grains to 
form. However, study also suggests that at these sites, some grain coarsening can also 
take place if recrystallization happen to occur due to difference in local stored energy [95, 
102]. That is why some coarsened recrystallized grains can also be seen along with fine 
grains at the grain boundaries and in area of former perlite colonies (Fig 6.8).  
When results of asymmetric rolled samples were compared with symmetric 
rolling samples in terms of misorientation and grain boundaries distributions then it is 
noticed that trends are in reverse direction for all three grades of steels (Figs.6.12, 6.13, 
6.15 and 6.17). This kind of difference is mainly due to the nature of asymmetry rolling 
where additional banding occurs from the orientation splitting at low temperatures. With 
increase in temperature, orientation splitting reduces as material and texture softening 
began to activate due to decrease in flow stress. That is why in pixel to pixel 
misorientation of exlc and 0.2C steel, peak value between 5˚ to 10˚ increases as the 
temperature rises. Although strength in peak value of these two steels are different due to 
the difference in their flow stress which depends on the amount of carbon and other 
alloying elements [197]. Trends of pixel to pixel distribution for IF steel are similar to the 
exlc steels and 0.2C steel at lower temperatures but decline at 600˚C which could be due 
the increase in banding again as some studies reports around this temperature [90, 91].  
Misorientations in terms of next neighbour shows slightly increasing trends in 
misorientation above 30˚ and decrease in between 15˚ to 30˚ for exlc and 0.2C steel than 
the IF steel at 450˚C and above. Such trends can be correlated to the formation of 
recrystallized grains as they are growing mostly along the boundaries of elongated grain 
bands which possess higher degree of misorientations. In addition to it, these newly 
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recrystallized grains show a higher misorientation angle with their surrounding as they 
grow by consuming next higher misorientations. This could be the one of reason for 
decrease in misorientation between 15˚ to 30˚ apart from material and texture softening 
which also reduces increase in misorientation angles. These results also reaffirms that 
misorientation between pixel to pixel decreases and higher fraction of misorientation lies 
in lower order as temperature rises in asymmetric rolling. Meanwhile, in IF steel, 
microstructure still looks like deformed with the prevalence of banding than any sort of 
recrystallization till 600˚C. This could be the reason for having similar trends as observed 
at the ambient temperature in IF steel.  
These results of detailed misorientation distributions are also in accord with grain 
boundaries distribution which also shows an overall similar trend in fractions of HAGB 
and LAGBs (Fig 6.17).  
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Figure 6.21: IPF maps (a) symmetric rolled and (b) asymmetric rolled with 1:1.3 roll diameters ratio at 600˚C and water quenched. 
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  Figure 6.22: IPF maps (c) asymmetric rolled with 1:2 roll diameters ratio at 600˚C and water quenched and (d) magnified view of some 
areas of recrystallization sites.
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6.5 Conclusions 
Both symmetric rolling and asymmetric rolling were scheduled in similar 
conditions at 250˚C, 450˚C and 600˚C warm rolling temperatures. These results were 
compared with results at the ambient temperature. Extra-low carbon steel (exlc steel) was 
used for these rolling schedules and the results were compared with that of 0.2C and IF 
steel. The following conclusions are made on texture and microstructure: 
6.5.1 Texture 
1) In symmetric rolling of exlc steel at 250˚C and below, texture strengthens despite 
processing in dynamic strain aging regime. Volume fraction of γ fibre texture 
components almost remain unchanged, but significant change occurs in α fibre 
texture components, particularly in rotated cube {001}<110> and i {112}<110> 
components. 
2) 0.2C steel has similar trends in rolling texture as that exlc steel represents at 250˚C, 
but of lower volume fraction. In IF steel, γ fibre texture become stronger as 
compared to that is at ambient temperature rolling.  
3) Further increase in temperature to 450˚C and 600˚C makes a small variation in 
texture i.e. resultant texture remains almost at the same level in exlc and IF steel. 
However, volume fraction of texture components increases in 0.2C steel.  
4) In asymmetric rolling at 250˚C and 450˚C strengthening takes place in prominent 
shear texture components in all three grades of steels as compared to the ambient 
condition. In addition, a difference in texture intensity between equivalent 
orientations is also reduced significantly at 450˚C. 
5) At 600˚C, no significant change take place in overall shear texture of IF steel but 
there are signs of further strengthening in D2 (112)[11ͳത] instead of D1 (112)[ͳതͳതͳሿ. 
Whereas, in exlc and 0.2C steels, volume fraction of shear components (in F 
{110}<001>and J {110}<112>) decreases while D2 (112)[11ͳത] increase instead of 
D1 (112)[ͳതͳതͳሿ and E {110}<ͳത11> components. This indicates a tendency of 
dynamic recrystallization to take place in asymmetric rolling. 
6.5.2 Microstructure 
1) Despite of having roll asymmetry and increase in rolling temperature, the frequency 
of band formation and orientation splitting get reduced significantly in exlc and 0.2C 
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steels than the IF steel. At 600˚C, almost no band formation occurs in both exlc and 
0.2C steels whereas they prevail in IF steel. 
2) Material and texture softening are the prime factors for the resultant texture and no 
band formations at 450˚C and above in both types of rolling.  
3) Dynamic condition of deformation is more severe in asymmetric rolling than 
symmetric rolling which can be verified from the recrystallized grain formation in 
asymmetric rolling than the symmetric rolling of exlc and 0.2C steel at 450˚C and 
above. The rate of cementite spheroidization and microstructure polygonization is 
faster in asymmetric rolling than the symmetric rolling.  
4) Presence of recrystallized grains at 600˚C with roll diameter ratio 1:2 as compared to 
the other lower ratios shows the importance of roll diameters ratio selection to modify 
the microstructure despite having same thickness reduction per pass. 
5) Results from next neighbour distribution in the samples that are deformed at 450˚C 
and above shows that the formation of recrystallized grain increases misorientation 
above 30˚ in asymmetric rolling. An absence of such trend in IF steel confirms that 
dynamic recovery occurs but not recrystallization even at 600˚C. 
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Chapter 7  
 
Conclusions and scope for future work 
7.1 Conclusions 
An experimental study was conducted in this thesis work to examine the 
asymmetric rolling of sheets. In conventional (symmetric) rolled sheet, close to the ideal 
shear texture can readily form near the surface of a sheet but it is difficult to form at the 
mid thickness. After reviewing the literature on asymmetric rolling and the rolling of low 
carbon steels (Chapter-2), it was noticed that the studies on their combination i.e. 
asymmetric rolling of low carbon steel needs to be considered for further understanding 
on two issues: 
x To explore experimentally the circumstances in which the ideal shear texture or close 
to this texture can be formed in asymmetric rolling and improve homogeneity along 
the thickness. 
x A further understanding on the resultant texture and microstructural observations of 
low carbon steels in asymmetric conditions. It is known that ultra-low carbon steels 
have a strong tendency to form conventional rolling texture even at small rolling 
reductions. 
This thesis work attempt to address these issues in three technical chapters where 
symmetric and asymmetric rolling scheduled on low carbon steels in single pass, multi-
passes in two regimes of final thickness reduction, strain path change in multi-passes and 
finally rolling in warm temperature range. 
In chapter-4, single pass symmetric rolling and asymmetric rolling were 
performed on exlc steel with varying thickness reduction per pass between ~20% to 
~75%. Here, asymmetric rolling was conducted with three different roll diameter ratios 
1:1.3, 1:1.6 and 1:2. The key results which were measured at the mid thickness of a sheet 
are as follows: 
x Despite being imposed with the roll diameters ratio 1:2, the conventional rolling 
texture has strong tendency to form even in asymmetric rolling at small thickness 
reductions per pass. Symmetric rolling shows, how quickly both α and γ fibres can 
Chapter 7: Conclusions and scope for future work 
 
233 
 
form their skeleton in ODFs and high volume fraction of the ideal rolling texture 
components. 
x A transitional state of rolling texture towards the shear texture occurs when 50% 
thickness reduction per pass was applied with roll diameter ratio 1:2. At this stage, the 
highly unstable Goss {110}<001> texture component strengthen whereas highly 
stable rotated cube {001}<110> significantly decreases.  
x Microstructural observations in asymmetric (1:2) and symmetric (1:1) rolling 
suggests that both microstructures can be quite different from each other due to the 
orientation splitting.  
x A close resemblance to the ideal shear texture can be observed when the thickness 
reduction per pass is in the range of ~65% or above used with the roll diameter ratio 
1:2. The resultant texture at the same thickness reductions per pass with roll diameters 
ratio 1:1.6 is unable to exert more rotation in texture and its homogeneity along the 
thickness as observed at ratio 1:2. Meanwhile, effective shear strain exerted from the 
lower roll diameters ratio such as 1:1.3 is not enough to surpass the effectiveness of 
plane strain. 
Chapter-5 is about the applicability of the results obtained in Chapter-4 at 30% 
and 50% thickness reduction per pass with roll diameter ratio 1:1 and 1:2 in multi-passes 
for monotonic and strain path change study. Final thickness reductions of a sheet were 
kept in the medium (~75%) and high strain range (~89%). Apart from exlc, IF and 0.2C 
steels were also rolled with 50% thickness per pass by both types of rolling in the high 
strain regime. The salient points are: 
x It is clear from the multi-pass monotonic asymmetric rolling that the rotation of 
rolling texture towards the shear texture depends on the applied thickness reduction 
per pass, once a roll diameter ratio is selected. With an increase in the number of 
passes, mainly strengthening in resultant texture takes place rather than any 
significant change in the rotation of texture.  
x Asymmetric rolling in high strain regime further reinforces that the 30% thickness 
reduction per pass only creates asymmetry in equivalent texture components of a 
same orientation family. While, 50% thickness reduction per pass in multi-pass 
rolling creates a more stable condition for the ideal shear texture components and an 
opportunity for ideal rolling texture components to rotate about the TD direction. 
Symmetric rolling in multi-pass with increase in thickness reduction per pass 
Chapter 7: Conclusions and scope for future work 
 
234 
 
represents strengthening mainly in the rotated cube {001}<110> and {112}<110> 
texture components. 
x Strain path change in multi-pass asymmetric rolling is in agreement with earlier 
studies that 180˚ rotation about the TD can assist in further rotation of the rolling 
texture towards the shear texture. Meanwhile in the reverse mode of shear, 180˚ 
rotation about the ND strengthens the rolling texture than the RD. However, it is also 
noticed that all three strain paths in asymmetric rolling depend on the applied 
thickness reduction per pass. 
x A quantitative analysis of microstructural observation in multi-pass rolling is in 
accord with the earlier studies that the deformation induced HAGB fraction increases 
as the total thickness reduction increased from medium strain (~75%) to high strain 
regime (~89%) irrespective of the chosen thickness reduction per pass. However, 
when the thickness reductions per pass are compared for a given total thickness 
reduction then the increased thickness reduction per pass assists in the further 
generation of HAGBs in asymmetric rolling as compared to the symmetric rolling.  
x The next neighbour misorientation distribution shows that despite the severity of 
asymmetric rolling in deformation, the contribution of original grain boundaries is 
smaller than the internal sub-division of a grain. 
x Quantitative analysis of strain path change shows further improvement in 
misorientation distribution towards ≥ 15˚, a high fraction of HAGB and fraction of 
sub-grain/fine grain formation for a given thickness reduction per pass in asymmetric 
rolling than the symmetric rolling. However, 180˚ rotation about the RD shows an 
advantage over other two types of rotation in similar conditions.   
Chapter-6 deals with the observations in the warm (250˚C, 450˚C and 600˚C) 
rolling temperature range for both symmetric and asymmetric rolling. Rolling was carried 
with ~75% thickness reduction per pass for exlc, IF and 0.2C steels. These results were 
also compared with room temperature rolled sheets at the same thickness reduction per 
pass (Chapter-4). After deformation, sheets were air cooled but few sheets were also 
immediately water quenched to lock the recrystallizing microstructure. Following results 
were obtained from this experimental study: 
x All three grades of steel show their saturation in resultant rolling texture at different 
temperatures in the case of symmetric rolling. Such characteristic behaviour can be 
connected to their carbon contents and other impurities.  
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x Despite being rolled at 250˚C (dynamic strain aging range), exlc steel shows an 
increase in texture intensity and overall increase in volume fraction of ideal texture 
components as compared to the room temperature rolled sample.  
x Results on 0.2C steel, where a high fraction of pearlite exists, shows a continuous 
strengthening in rolling texture with increase in temperature.  
x In the case of asymmetric rolling of these three steels, an increase in temperature 
further strengthens the volume fractions of prominent ideal shear texture components 
F {110}<001>, D {112}<111> and J {110}<112>. However these trends are valid till 
450˚C for exlc and 0.2C steel but strengthening in these components remain continue 
in IF steel even at 600˚C. 
x The trend in ideal shear texture components of exlc and 0.2C steels in asymmetric 
rolling indicates a tendency towards the occurrence of dynamic recrystallization at 
600˚C. 
x The characteristic change in microstructures which separates out IF, exlc and 0.2C 
steels are the fraction of deformation bands and shear bands with increase in 
temperature. Irrespective to the type of rolling, shear bands, deformation bands and 
other inhomogeneity prevails in IF steel at all three temperatures.  
x The deformation dynamics are more severe in asymmetric rolling than the symmetric 
rolling. This can be anticipated from the recrystallized grain formation, the rate of 
cementite spheroidization and microstructure polygonization in asymmetric rolling of 
exlc and 0.2C steels at 450˚C onwards and their absence in symmetric rolling.  
x The formation of recrystallized grains mostly increases misorientation above 30˚ in 
asymmetric rolling of exlc and 0.2C steels. Such increase in misorientations signifies 
the role of grain boundaries in recrystallized grain formation. An absence of such 
trends in IF steel also confirms that the dynamic recovery prevails even at 600˚C 
rather than the recrystallization in this steel. 
7.2 Future work 
In the course of this investigation, few issues remain unresolved which need 
further study to understand the effect of imposed shear strain on the rolling strain during 
rolling and post processing of these rolled sheets. 
x Material processing point of view: In this study, a non-lubricant condition was used 
for the rolling as per the literature to explore the potential of asymmetric rolling. 
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However, it is less addressed issue in the course of asymmetric rolling about the end 
results after applying a lubricant in asymmetric rolling. This issue needs to be 
addressed to understand the behaviour of asymmetric rolling not only from an 
industrial point of view but also technical point of view as well especially in terms of 
rotation of the rolling texture.  
x Effective shear strain and strain rate: Equations used for the estimation of shear strain 
in asymmetric rolling are based on theoretical approximations. In reality, asymmetric 
rolling is far more complex when a high roll diameter ratio is applied with high 
thickness reduction per pass. Similarly the strain rate equation in asymmetric rolling 
is also approximated. More realistic equations are required to assist in partition of 
effective shear strain from the equivalent strain of asymmetric rolling. Residual 
stresses measurement from the neutron diffraction might assist in further 
understanding the effect of asymmetry and thickness reduction per pass in 
asymmetric rolling.  
x Deformation texture: Bulk texture measurement from X-ray diffraction show that any 
kind of deformation symmetry cannot be applied in texture analysis as the resultant 
texture represents asymmetry in their representation. It was consistently observed 
through the course of this study, Meanwhile, EBSD results from other studies 
represents a monoclinic symmetry in asymmetric rolled sheets. This issue can also be 
addressed by the neutron diffraction where it is possible to irradiate the whole 
thickness of the sheet and possibly reveal the true nature of the resultant texture in 
asymmetric rolling. This kind of study will also assist in understanding the ideal 
position of resultant texture of asymmetric rolling and their rotation from the ideal 
rolling texture if it exists. 
x Strain path change: Mid-thickness area of sheet was investigated in this study. A 
through thickness study of texture and microstructure is required especially near the 
surface of sheet. Additionally, if approximated shear strain distribution is also plotted 
for strain path change then this investigation would enhance the understanding of how 
the change in positioning of neutral points affects the results in next pass of rolling. 
Although, effect of strain path change near the surface of a sheet seems quite complex 
to comprehend in the asymmetric rolling.  
x Rotated cube component in IF steel and other low carbon steels: A large grain sized 
(131μm) IF steel was used along with other two average (36μm) and a fine grain 
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sized (17.3μm) low carbon steel for all studies here. IF steel represents reduced 
volume fraction of rotated cube orientation than the exlc steel in both types of rolling. 
It also become more noticeable in symmetric rolling. Here, it was assumed such 
behaviour is due to their large grain size. IF steel related work especially in warm 
symmetric rolling temperatures needs to be reconsidered with a small grain size. If 
the behaviour is still consistent then the question is why IF steel shows such a 
difference and needs further investigation. 
x Simulating warm rolling with single pass and texture: It was noted from single pass 
rolling in medium strain range (~75%) that the volume fraction of rotated cube 
{001}<110> component is significantly higher than the other ideal rolling texture 
components. Meanwhile, multi-pass symmetric rolling shows almost equal volume 
fractions of ideal rolling texture components. From this kind of behaviour of single 
pass and multi-pass, it can be said that single pass rolling is not the actual 
representation of warm rolling at least at lower temperatures. Further experiments 
need to be considered to understand the multi-pass rolling texture at warm 
temperatures. 
x Dynamic strain aging and texture: Experimental results on single pass rolled exlc 
steel at ~250˚C shows an increase in texture intensity and volume fraction of texture 
components as compared to the room temperature rolling. Single pass rolling with 
small interval of temperature in between room temperature and 300˚C would be a 
better option to find any dynamic strain aging effect on resultant texture and at strain 
rate (~10+2) which is applied here. 
x Post processing of asymmetric deformed materials: In this thesis work, deformation 
behaviour of symmetric and asymmetric rolling was studied so the recrystallization 
behaviour remains to be continued for further studies. Preliminary results of exlc steel 
with 50% thickness reduction per pass in symmetric (1:1) and asymmetric (1:2) 
shows that rotation and weakening of asymmetric rolling texture is quite high as 
compared to the symmetric rolling where more texture intensity can be seen along the 
γ fibre and around the Goss orientation (Fig. 7.1). It would be interesting to know in 
detail how the recrystallization texture would evolve in conditions of rolling where 
rolling strain has small edge over the shear strain and optimised condition where 
shear strain high enough to yield close to the ideal shear texture. Similar to the exlc 
steel, IF steel which usually represents sluggish behaviour of recrystallization in 
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symmetric rolling can be taken for further studies to observe their recrystallization 
behaviour and kinetics. 
 
Figure 7.1: φ2=45˚ sections of ODFs of isothermal annealing at 650˚C for symmetric 
(1:1) and asymmetric rolling (1:2) of exlc steel with 50% thickness reduction per pass in 
high strain regime (~89%). 
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